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Abstract
The carbonatite problem can be stated as follows:
Are carbonatites genetically related to sedimentary
carbonate rocks, or are they derived from a silicate parent
material? The isotopic composition of strontium in 21
carbonatites and in several related alkaline rocks has been
determined. The mean Sr87/$r86 ratio for the 21 carbon-
atites is 0.7065 + 0.0003. The Sr87/sr86 ratios of sedi-
mentary carbonate rooks in general vary from 0.709-0.713.
The initial Sr87/Sr86 ratios of mafic igneous rocks are
approximately 0.708. It is apparent that the Sr87/Sr86
ratios in carbonatites resemble those of igneous rocks
rather than those of sedimentary carbonate rocks. It is
concluded that the Sr87/Sr86 ratio can be used as a cri--
terion for distinguishing carbonatites from carbonate rocks
of metamorphic origin.
Investigation of the sr87/sr86 ratio in a limestone
xenolith at Mt. Royal in Montreal and in a skarn rock at
Ice River, British Columbia indicates that carbonate xeno-
liths preserve the Sr87/Sr86 ratio of the limestones from
which they were derived. The Sr87/Sr86 ratios of the
carbonatites at Oka, Quebec and at Spitzkop, Transvaal,
were found to be significantly different from those of the
sedimentary carbonate rocks which have been suggested as
the sources of these carbonatites. The Sr87/SrS6 ratios
of the carbonatites at Oka, Quebec; Rocky Boy, Montana;
Magnet Cove Arkansas; and Iron Hill Colorado, were found
to be identical within the analytical precision to those
of the associated alkaline rooks. These results strongly
support the conclusion that carbonatites are not xenoliths
of limestone but are comagmatic with the alkaline rocks.
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The Sr87/Sr86 ratios in all but one of the individual
carbonatites were found to be not measurably different from
the mean value. The standard deviation of a single .analysis
calculated from the 21 analyses was found to equal 0.0012.
A comparison of these data with those available for basaltic
rocks indicates that the source material of carbonatite has
a homogeneity similar to that of the source material of
basalt magma. Both the low value of the Sr87/Sr86 ratio in
carbonatites and the homogeneity of their source material
indicate that they have a subsialic source.
The Sr87/Sr86 ratios of carbonatites appear to be
significantly lower than those of continental basaltic
rocks. This result is not consistent with the hypothesis
that carbonatites have been formed either by assimilation
of limestone or by differentiation of basalt magma. The
strontium isotopic evidence supports the conclusion reached
by several petrologists that the ultimate source material
of the carbonatite-alkaline rock association is a deep-
seated rock of peridotitio composition.
The accuracy of the measurements was monitored by
periodic analyses of a SrC03 standard. The reproducibility,
expressed as the standard deviation of a single analysis
and calculated from the results of 18 analyses of this
standard, was found to equal ± 0.0015.
Thesis Supervisor: Harold W. Fairbairn
Title: Professor of Geology
Thesis Supervisor: Patrick M. Hurley
Title: Professor of Geology
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THE STRONTIUM4 ISOTOPIC QOIPOSITION
AND ORIGIN OF CARBONATITES
by J. L. Powell, P. M. Hurley, and 11. W. Fairbairn
ABSTRACT
The isotopic composition of strontium in 21 carbon-
atites and in several related alkaline rocks has been
determined. The mean Sr37/Sr86 ratio for the garbonatites
is 0.7065 ± 0.0003. With one exception the SrM7/Sr86 ratios
in the Individual carbonatites are not measurably different
from the mean value. The ar87/Sr86 ratios in carbonatites
are distinctly lower than those in limestones and resemble
those in mafio igneous rocks. It is concluded that the
sr 8 7/Gr 86 ratio can be used as a criterion for distinguishing
carbonatites from xenoliths of sedimentary carbonate rooks,
Experimental evidence indicates that migration of
sr87 in carbonate xenoliths is not significant. In two
cases the sr87/sr86 ratio of a carbonatite was found to be
measurably different from that of a supposedly parental
sedimentary carbonate rock. The sr 87/'Sr 86 ratios of the
carbonatites in four complexes were found to be identical
within the analytical precision to those of the associated
alkaline rocks. These results support the conclusion that
carbonatites are not renoliths of sedimentary carbonate
rocks but are comagmatic with the alkaline rooks.
The low value of the Sr87/sr86 ratios in carbonatites
and the lack of significant variation among these ratios
indicate that carbonatites have a subsialic source. The
3r37/SrO6 ratios in rocks of the carbonatite--alkaline rock
association appear to be significantly lower than those of
continental basaltic rocks. This result is not compatible
with the hypothesis that carbonatites have been formed
either by limestone syntexis or by differentiation of basalt
magma. The strontium isotopic evidence supports the con-
clusion reached by several petrologists that the ultimate
source material of the carbonatite-alkaline rock association
is a deep.-seated rock of peridotitic composition0
-22-
INTRODUCTION
The premise on which this investigation is based is
that rubidium has become enriched in sialic crustal
materials and therefore the abundance of Sr87, the daughter
of Rb87, is higher in these materials than in the subsialic
source regions of basalt magma. On this premise we believe
it is possible to demonstrate that some kinds of igneous
rooks have been derived from subsialic source regions and
have not been contaminated by significant amounts of sialic
materials. An analogous suggestion involving the isotopes
of potassium and calcium was made by Holmes (1932).
The Sr87/Sr 8 6 ratio most accurately measures the
abundance of the radiogenic isotope relative to common
strontium. Recently Faure and Hurley (1962) have shown
that the source regions of basalt magma are relatively
homogeneous with regard to this ratio. These authors found
that the average sr87/sr86 ratio in 25 oceanic and conti-
nental basaltic rocks was 0.7078 with limits of variation of
+0.002 and -0.003. The crustal abundances of Sr87 and their
implications to continental evolution have been discussed
by Hurley and others (1962), Faure and Hurley (1962), and
Gast (1960). It is clear from the results of these investi-
gators that an igneous rock having a Sr87/Sr86 ratio of
0.708 or lose has definite limits placed on the possibility
of a genesis involving anatexis of older sialic material with
a Rb/Sr ratio higher than that of basalt. This criterion is
tested in this investigation of the Sr87/Sr86 ratios in
carbonatites and related alkaline rocks.
The petrogenesis of the carbonatitemalkaline rook
association has been discussed by Tomkeieff (1961), King and
Sutherland (1960), Wyllie and Tuttle (1960), Ginzburg
(1958), Agard (1956), Pecora (1956), and Campbell Smith
(1956). As King and Sutherland (1960) point out, the origin
of these rocks is a threefold problem, involving: (1) the
mode of emplacement of the carbonatite, (2) the genetic
relations of the carbonatite and the associated alkaline
rocks, and (3) the nature of the primary materials.
Rocks which have crystallized from the same magma
have identical initial Sr 8 7 /Sr 8 6 ratios. Therefore if
carbonatites and the associated alkaline rocks are comag-
matic their initial Sr 8 7/Sr 8 6 ratios will be identical.
On the other hand if carbonatites are xenoliths of lime-
stone their initial Sr 8 7 /Sr 8 6 ratios, if not altered by
diffusion of Sr 8 7, should in general be different from
those of the associated alkaline rocks.
- 23-M
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The isotopic composition of strontium in sedimentary
carbonate rocks is of particular interest to this investi-
gation. The data which are available for these rooks are
summarized in Table A-1. With the exception of the very
old Bulawayan limestone the Sr87/Sr86 ratios in these rooks
vary from 0.709-0.7l3. The 3r87/Qr86 ratio in sea water
has been reported to equal 0.712 by Gast (1960) and Pinson
and others (1957).
EXPERIE4NTAL METHOD
The experimental techniques employed and the instru-
ment used in this investigation have been described by Faure
and Hurley (1962) and by Powell (1962). The carbonate
samples were dissolved in 2N H01 the silicate samples in HF
and H0104, and strontium was separated on an ion exchange
column, The strontium isotopic ratios were measured from a
sample mounted as 3r(NO3)2 in a 600 sector, 6 inch radius,
solid source, single collector mass spectrometer. Peak
heights were summed in sets of six and the isotopic ratios
calculated for each set. The final average ratios were
obtained by averaging the ratios of all the sets. An
instrument precision error was calculated for the average
Sr87/Sr86 ratio from the ratios of each set. This error,
Table A-1 Isotopic Composition of Strontium in Sedimentary Carbonate Rocks
Sample Rock Type
Number and Locality Reference Sr86/Sr8S Sr87/Sr86  Age (my)
04317 Madison 1e, This work .1189 .7117* ±.0010 300-350
04543 Montana
04588 Trenton is, Que, This work .1196 .7120* t.0004 400-t500
04583 Grenville marble, This work .1195 .7101* ±.0008 900-1,100
nr. Hull, Ont.
04815 Ottertail Is, B0 oC This work .1192 .7113* ±.0003 500-600
04874 Dolomiteg Transvaal This work .1195 .7129* 1.0008 Precambrian
BOulawayan is, Gast (1960) .704 ±.002 2,700
So Rhodesia
Grenville marble, Gast (1960) .709 ±.002 900-1,100
Ontario
Newland 1s, Gast (1960) .709 + .002 650-m750
Belt series
Ordovician 1s, Tex, Gast (1960) .713 ± .003 320
Ordovician 1, Herzog and .1191 .7127 ±.0015 400-500
lnwoo, Uo.S.3R. others (1958)
Grenville marble, Pinson and .1195 .711 ± .002 900-1,100
Ontario? others (1958)
*correc-ted for isotopio fractionation assuming sr86/Sr8 8 = 0.1194 (see text).
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designated as Es was expressed as the per cent standard
deviation of the mean.
The reproducibility, or precision, of isotope ratio
determinations is affected by random errors. In order to
offset the contribution of isotopic fractionation to these
random errors, a fractionation correction was applied. It
was assumed that the Sr86/Sr 88 ratio is constant in nature
and is equal to 0.1194. Any deviation from this figure was
attributed to fractionation within the mass spectrometer.
Only one-half the correction necessary to adajust the
measured Sr86/Sr88 ratio to 0.1194 was applied to the
Sr87/Sr 86 ratio. The analytical results reported by Faure
and Hurley (1962) and by Schnetzler and Pinson (1962) have
demonstrated the effectiveness of this correction.
It is difficult to evaluate the absolute acouracy of
isotope ratio measurements. The best solution is to analyze
an inter-laboratory standard for the purpose of demonstra-
ting consistency with other laboratories. The standard used
for this purpose was a .3rC03 reagent manufactured by Eimer
and Amend Chemicals (lot 492327). A total of 18 analyses of
the isotopic composition of strontium in this standard have
been performed over a period of 21 months on the instrument
used in this investigation.
The average isotopic ratios obtained from these 18
analyses are given below:
Sr86/Sr88  a 0.11939 ± 0.00010 g 0.00044
Sr87/Sr86  = 0.71162 1 0.00043 ± 0.0018
(Sr87/Sr86) = 0.71164 ± 0.00036 ± 0.0015
oorr
The standard deviation of a single analysis, c'r 1d2/n-- ,
and the standard deviation of the mean,'d = Vd2/n(n.l).
It is apparent that the fractionation correction has
improved the reproducibility (-) without ohanging the value
of the mean Sr87/sr86 ratio. The Sr86/Sr88 ratio is equal
to 0.1194 which verifies the assumption upon which the
fractionation correction is based. The standard deviation
of a single analysis, 0.0015, is higher than that calculated
from replicate analyses of samples (Faure and Hurley, 1962).
It is therefore considered to be a somewhat conservative
estimate of the reproducibility.
These results for the Eimer and Amend strontium
reagent are compared in Table A-2 with those obtained by
other investigators.
Our results are identical within analytical pre--
cision to those reported by earlier investigators.
This conclusion gives confidence in the measurements of
the strontium isotopic ratios in carbonatites and related
rocks which are reported in this paper.
Table A-2 Isotopic Composition of Strontium in Reagents
Manufactured by Eimer and Amend Chemicals
Author
Nier, 1938,
p. 277.
Aldrich at al.,
1953, p. 458.
Herzog et al.,
1953, p. 462.
Sr86/3r88
.1194
t.0012
.1195
±.0003
.1196
Sr87/sr 8 6
.712
.007
.711
±.004
.712
Remarks
Sr metal.
sr0o3* Average of
6 analyses.
SrO03* lot 492327,
This work. .1194 .7116* Sr0039 lot 492327.
+.0001 ±.00036 Avg. of 18 analysesin 21 months.
*Corrected for isotopic fractionation assuming
sr86/sr8 8 = 0.1194 (see text).
RSSULTO
Study of a Limestone Xenolit
In order to correctly interpret the sr87/sr86 ratios
in carbonatites, it was first necessary to learn the effect
of migration of Br87 upon the Sr 87/sr86 ratio of limestone
xenoliths. If migration of Sr87 could change the sr87/sr86
ratio of a renolith of limestone to that of the magma which
enclosed it, the Sr87/Sr86 ratios in carbonate rooks
associated with igneous rocks could not be used to dis-
tinguish carbonatites from zenoliths of limestone.
The rooks chosen for this study were the Trenton
limestone at Montreal, Quebec, and a small xenolith of this
limestone enclosed in an alkaline gabbro at Mount Royal in
Montreal. The xenolith was about 18 by 24 inches in size,
was entirely surrounded by the alkaline gabbro, and had
been completely recrystallized. Clark (1952) has described
the deformation which the intrusion of the Mount Royal
igneous rocks produced in the Trenton limestone. It is
well established that the temperature of the Mount Royal
magma was sufficient to mobilize and recrystallize the
Trenton limestone.
Semi-quantitative analyses of the strontium concen-
tration in the renolith and in the alkaline gabbro were
made on an X-ray spectrometer. Both rooks were found to
contain several hundred parts per million strontium, and
the alkaline gabbro appeared to have a strontium concen-
tration approximately twice that of the xenolith.
3r 87/Sr 86 ratios were measured in: (1) an unmeta-
morphosed sample of Trenton limestone from Westmount
Mountain in Montreal, (2) a sample taken from the center of
the xenolith, and (3) a specimen of the alkaline gabbro
collected about 18 inches from the xenolith. The results
are given in Table A-3.
Table A-3 Sr87/3r86 study of a Limestone Xenolith
-
oe
Sample Rock Type r
Number and Locality
04589a Xenolith of .1198
Trenton Is,
Mt. Royal, Que.*
04588 Trenton 1s, .1193
ontreal, Que.*
R4590b Gabbro, .1196
M-t. Royal, Quo.
*Average of two analyses.
Sr87
.7108
.7125
.7071
S orr
.7119
.7122
.7077
E%
.05, .12
.08, .07
.06
The Rb/Sr ratios of carbonate rocks and of alkaline
rocks associated with carbonatites are in general very low.
Therefore the sr87/sr86 ratios of these rocks remain nearly
constant with time. Unless otherwise specified, the
sr87/Sr86 ratios reported in this paper can be considered
to be equal to the initial Sr87/Sr86 ratio of the sample in
question.
This xenolith, even though subjected to high temper-
atures, completely recrystallized, and surrounded by a
--31-
relatively strontiumwrich magma with a Sr87/Sr86 ratio of
approximately 0.708, has preserved the ratio of the Trenton
limestone, 0.712. Therefore there has been no appreciable
migration of Sr87 into or out of this small xenolith. If
migration of Sr87 is negligible in carbonate xenoliths of
small size, one could hardly expect it to be important in
ones the size of many carbonatite bodies, that is hundreds
or thousands of square feet in area. This conclusion is
consistent with the fact that the Sr87 in carbonate rocks
is almost entirely non-radiogenic and occupies calcium or
strontium lattice sites from which it is unlikely to migrate.
Srt7/sr86 Ratios in Carbonatite-Alkaline Rock ComDlexes
Sr87/3r86 ratios have been measured in both carbon-
atites and alkaline rocks from several individual complexes.
In some cases sedimentary carbonate rocks occurring in the
vicinity of the igneous rooks were also analysed. A
description of the samples analyzed and their sources is
given by Powell (1962).
The Oka complexQuebe. This complex has been
described by Rowe (1955, 1958), Maurice (1957). and Heinrich
(1958). It consists oft (1) caloite rock, (2) calcium-rich
silicate rocks such as okaite and aln8ite, and (3) alkaline
- 32-
rocks, for example, ijolite. Several geologists consider
the calcite rook to be a large xenolith of Grenville
marble, although some classify it as a carbonatite.
In order to test the hypothesis that the calcite rook
at Oka is a xenolith of Grenville marble, Sr87/Sr86 ratios
were measured in these rooks and in some of the silicate
rooks of the Oka complex. The results of these analyses are
given in Table A-4. An average ar87/sr 8 6 ratio for
rubidium-free Grenville rooks was calculated from the data
listed in Table A-l and from the Sr87/Gr86 ratios in two
Grenville celestites reported by Herzog and others (1958).
The difference between the average Or8 /3r86 ratios
of the Oka calcite rock and the Grenville rooks is 0.0040
+ 0.0005. Since this difference is eight times larger than
its standard deviation it is highly significant. The
Gr87/Sr86 ratio of the Oka calcite rock is not measurably
different from those of the silicate rocks of the complex.
It is logical to conclude that the Oka calcite rook is a
carbonatite and that it is comagmatic with the silicate
rocks of the complex.
An age determination was carried out on a biotite
from the Oka calcite rock (Powell, 1962). The initial
SrO7/Sr86 ratio in the biotite was assumed to be 0.7062,
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Table A-4
Sample
Number Rook Type
The Oka Complex, Quebec
Sr8 * s7 ( 7)
3 S SCarr
03252
04584
Calcite rocka
R4585 Okaite
R4587 IJolite
R4586 Aln8ite
Average for
Oka complex
Average for 5
Rubidium-free
Grenville rooks
.1195
.1196
.1197
*1204
.1198
.7058
.7059
.7051
.7045
.7053
.0003
.0007
.7062
±.0003
.7065
.7059
.7074
(W) .05,.06,.06
.08
.08
.07
.7065
±.0003
&.0007
. 7 1 0 2 b
Z r- .0004
0- +.0009
aAverage of three analyses, two
reported by Faure and Hurley (1962).
of which were
bTwo analyses not corrected for fractionation.
~,- =\{~d2/nm1 9 & d2/n (n.1)
the ratio measured in the calcite. The age obtained was
90 ± 20 million years. An earlier K-Ar age determination
on this same biotite sample yielded an age of 95 million
years (Hurley and others, 1961, p. 151). This indicates
that 0.7062 was in fact the initial Sr87/Zr86 ratio in the
biotite. This result strongly supports the hypothesis that
the calcite and biotite crystallized from the same magma.
The Magnet Cove complex. Arkansas. The rocks of the
Magnet Cove area have been described by Erickson and Blade
(1956), Fryklund and others (1954)p Fryklund and Holbrook
(1950), Landes (1931), Washington (1900, 1901) and Williams
(1891). The complex contains a mass of calcite rook
surrounded by mafic and felsic foldepathoid-bearing rocks.
Lendes (1931), Daly (1933), and Shand (1950) considered the
calcite rook to be a xenolith of limestone, although more
recent writers believe it to be a carbonatite formed either
by magmatic crystallization or by hydrothermal replacement.
No limestone outcrops in the vicinity. The strontium iso-a
topic ratios which were measured in several rocks from the
complex are reported in Table A-5.
It is apparent that the r87/Gr86 ratio in the
carbonatite is identical within the analytical precision
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to those of the silicate rocks. This strongly supports
the hypothesis that the carbonatite and alkaline rocks are
comagmatic.
Table A-5 The Magnet Oove Complex, Arkansas
Rock Type
Carbonatite*
Monchiquite
Nepheline
Syenite
Jacupirangite
Garnet from
Ijolite
.1191
.1194
.1199
.1196
.1191
S U
.7087
.7078
.7050
.7061
.7086
SXOorr
.7076
.7078
.7065
.7067
.7077
.05, .08
.06
.04
.08
.07
Average for .1194
Magnet cove
Complex
*Average of two analyses.
.7072
±.0007
a.0016
.7073
±.0003
±.0006
The Iron Hill stock, Colorado. This stock has been
described in detail by Larsen (1942). It consists of a
central mass of carbonate rock surrounded by irregular
zones of biotite pyroxenite, uncompahgrite, ijolite, and
nepheline syenite. Larsen concluded that the carbonate
rook may have been formed by hydrothermal replacement#
Sample
Number
04316
R4321
R4360
R4359
G4535
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although later writers have described it as a carbonatite.
The Sr87/Sr86 ratios whioh were measured in these rocks are
listed in Table A-6.
Table A-t6 The Iron Hill Stook, Colorado
sample 3 6 s77
Number Rook Type S S Srcorr E%
c4811 Oarbonatite* .1193 .7079 -7076 .08, .04
R4809 Pyrozenite* .1198 .7033 .7043 .04, .07
R4812 Nepheline .1193 e7087 .7084 .05
ogenite
R4810 Uncompahgrite .1196 .7060 .7066 .08
Average for .1195 .7065 .7067
Iron Hill. .0012 ±.0009
Q- t.0023 ±.0018
*Average of two analyses.
The nepheline syenite (R4812) has a Rb/sr ratio of
0.08 t 0.01 as determined by X-ray spectrometry. This Is
sufficient to cause a measurable increase in the 3r87/sr86
ratio of this rook about every 300 million years. Since
the age of the Iron 1I11 stock is unknown it is not
possible to calculate the initial Sr87/sr86 ratio in the
nepheline syenite. It must suffice to note that the value
of 0.7084 reported may be higher than the initial ratio.
M37-f
The carbonatite and uncompahgrite have Sr 8 7/3r 8 6
ratios which are not measurably different. The Sr 87/sr86
ratio in the pyroxenite appears to be significantly lower
than those in the other rocks, however the initial ratio
in the nepheline syenite must be determined before this
statement can be made with certainty. At any rate the
fact that the Sr87/Sr86 ratios in the carbonatite and at
least one of the silicate rocks are identical within the
analytical precision supports the hypothesis that the
carbonatite is not a limestone xenolith but is comagmatic
with the silicate rocks.
The Rocky Boy stock. BearDaw Mountains. Montana.
This complex has been described by Pecora (1942, 1956).
The carbonatite occurs in veinlike bodies. The silicate
rocks are: biotite pyroxenite, monzonite, shonkinite, and
nepheline and potassic syenites. An exposure of about
150-200 feet of marbleized Madison limestone ocours on the
southern border of the stook. Sr87/sr86 ratios were
measured in the carbonatite, some of the igneous rocks,
and in the Madison limestone. The results are reported in
Table Am7.
The Sr87/Sr86 ratio of the carbonatite is identical
within the analytical precision to those of the biotite
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pyroxenite and the nepheline syenite, although the spread
in the measured ratios is somewhat larger than in the
previous examples. The ratios of the carbonatite and the
Madison limestone differ by 0.0030 t 0.0012. Since the
difference is 2.5 times larger than its standard deviation
it can be considered significant. These results support
the hypothesis that the Rocky Boy carbonatite is not a
mobilized xenolith of Madison limestone but is comagmatic
with the igneous rooks of the stock.
Table A-7 The Rocky Boy Stock, Bearpaw Mountains, Montana
Sample
Number
04314
Rook Type
Oarbonatite*
mm
R4536 Biotite
Pyroxenite
R4549 Nepheline
Syenite
Average for
Rocky Boy Stock
04317
04543
S 86
.1188
.1193
.1192
.1191
a
mm
3r 8 6
.7105
.7098
.7117
.7107
±.0006
±.0010
Madison is, .1189 .7131
Rocky Boy + .0003
area* a ±o0006
*Average of three analyses.
mm
(d)
Cr6orr
.7087
.0005 (-5)
.7095
.7111
.7098
±.0007
.0012
.7117
±.0010
.0018
E%
.04, .12
.12
.08
.11
.08, .06,
.06
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The 3pitzkop complex. Transvaal. The carbonate rock
which occurs at the core of this complex has been inter--
preted as a xenolith of the underlying Transvaal dolomite
by Shand (1950). Strauss and Truter (1950) and Holmes
(1958) have presented convincing evidence in support of the
theory that the carbonate rock is a carbonatite. Sr 8 7/Sr 8 6
ratios have been measured in the Spitzkop carbonatite and
in the Transvaal dolomite. The results are given in
Table A-8.
Table AeS8 The Spitzkop Carbonatite, Transvaal and the
Transvaal Dolomite
Sample Sr 8 6  sr 87 S7
Number Rock Type 0 =orr E
04320 Carbonatite. .1194 .7058 .7058 .08, .10
04844 Spitzkop, Transvaal*
04874 Dolomite. .1195 .7128 .7129 .10, .07
Transvaal System*
*Average of two analyses.
The Transvaal dolomite has a very low strontium
content (Higazy, 1954). Therefore if this rook were to
contain only 1 or 2 parts per million rubidium the Gr87/Sr86
ratio reported in Table A-8 would be somewhat higher than
its initial ratio. Nevertheless it is apparent that the
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"r87/Sr86 ratio in the Spitzkop carbonatite is quite
different from that in the Transvaal dolomite. This is
additional evidence in support of the conclusion that the
oarbonatite is not a xenolith of the dolomite.
The Ice River complex. British Columbia. The
igneous rooks of the Ice River area were described by Allan
(1914). This complex differs from those previously diem
cussed in this paper in that it does not contain carbon-
atite, although contact metamorphosed limestones are
associated with the igneous rocks. sr87/Sr86 ratios were
measured in two of the igneous rocks and in a specimen of
the metamorphosed limestone. The results are reported in
Table A-9.
Table A-9 The Ice River Complex, British Columbia
Sample r68
Number Rock Type Sr Sr corr
04815 Metamorphosed .1192 .7119 .7113 *09..05
Limestonea
R4813 Jacupirangite .1188 .7099 .7081 .06
R4814 Nepheline Syenite .1193 .7104 .7101 .16,.
Initial sr87/Sr86  .7054 .7051
ratio of R4814b
aAverage of two analyses,
boorrected for t = 350 my (Baadsgaard et al., 1959)
and Rb/Sr = 0.34 (X-ray spectrometry)o
10
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The Sr87/3r 86 ratio in the metamorphosed limestone is
measurably higher than those in the igneous rocks. There-
fore the strontium isotopic evidence correctly identifies
this rook as a metamorphosed limestone rather than a carbon-
atite. This result adds further support to the conclusion
that migration of Sr87 in carbonate rocks is not significant.
The Isotopio Composi$t9p of -Strontium in Carbonatites
Strontium isotopic ratios were measured in 16 more
carbonatites in addition to the 5 discussed in the preceding
section. The data for all 21 carbonatites are reported in
Table A-l0.
An average, or mean, sr87/r 86 ratio has been calcu-
lated for these 21 carbonatites. By calculating a mean we
imply that the actual 3r87/Sr86 ratios in the carbonatites
are identical and that the variation observed in the
measured ratios merely reflects the reproducibility of the
analytical procedure. Examination of the data listed in
Table A-10 reveals that only the Rocky Boy carbonatite has
a 3r87/Gr86 ratio which differs significantly from the mean
value. The sr87/sr86 ratio in this sample as determined by
a triplicate analysis is 0.7087 ± 0.0005, and the mean for
all 21 carbonatites is 0.7065 t 0.0003. This may indicate
Table A-10 Isotopic Composition of Strontium in Carbonatites
Sample
Number
04314
04316
04811
04322
03252
04584
04318
04319
04320
04844
04843
04873
04323
04816
04884
Locality
Rocky Boy, Mont.
Magnet Cove, Ark.
Iron Hill, Colo.
Mt. Pass, Calif.
Oka, Quebec*
Aln8, Sweden
Pen, Norway
Spitzkop, S. Afr.
Loolekop, S. Afr.
Glenover, S. Afr.
Premier Mine,
S. Africa
shawa, s. Rhodesia
KaluWe, N. Rhodesia
sr86/Sr88
.1188
.1191
.1193
.1189
.1195
.1198
.1202
.1194
.1194
.1202
.1189
.1183
.1193
(Sr 8 7/Sr 8 6a
.7087 (3)
37r87/Sr86
.7105
.7087
.7079
.7089
.7058
.7040
.7028
.7058
.7081
.7045
.7073
.7097
.7054
.7076
.7076
.7074
.7062
.7052
.7051
.7058
.7081
.7068
.7058
.7064
.7051
.12,
.08
.04
.06,
E %
.04,
.12
.05,
.08,
.08
.05,
.06
.04,
.04
.08,
.06
.12
.08
.08
.06
.10
.10
(2)
(2)
(1)
(3)
(2)
(1)
(2)
(1)
(1)
(1)
(1)
(1)
Table A-,10, continued
3ample
Number Locality Sr86/Gr88 Sr87/Sr86
Kangankunde,
Nyasaland
Chil
Nyas
chig
Nyas
wa Island.
aland
wakwalu,
&land
.1193
.1191
.1190
.7049
.7080
.7092
(7r8/Sr6 )rr
.7046 (1)
.7071 (1)
.7080 (1)
Busumbu, Uganda .1184 .7092 .7062
Tororo, Uganda .1188 .7072 .7055
Sukulu, Uganda .1196 .7050 .7056
4rima, Kenya .1194 .7074 .7074
Rangwa, Kenya .1201 .7053 .7072
for 21 .1193 .7070 .7065
tites
.0001 .0005 .0003
- ±.0005 ±.0021 ±.0012
Figures in parentheses represent the number of independent
*Two analyses reported by Faure and Hurley (1962).
.09
.07
.04
.09
.07
.08
.05
(1)
(1)
(1)
(1)
(1)
analyses performed.
04886
04885
04872
04841
04842
04324
04878
C4375
Average
Carbona
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that the Rocky Boy carbonatite has not had the same origin
as the others listed in Table A"10. The fact that the value
calculated for o' from the 21 analyses is even lower than the
reproducibility of 0.0015 indicates that the Sr87/Sr86
ratios in the other carbonatites are identical within the
analytical precision to the mean value.
Faure (1961) reports a value of = 0.0012 for the
analyses of 25 basaltic rocks. This is identical to the
value obtained for the analyses of the 21 carbonatites.
This result indicates that the source material of carbon-
atite is as homogeneous in its sr87/sr86 ratio as is the
source material of basalt magma. Faure and Hurley (1962)
report that the mean sr87/Sr86 ratio of 14 continental
basaltic rocks is 0.7082 t 0.0003. The mean Sr87/Sr86 ratio
of the 21 carbonatites differs from this value by 0.0017
±; 0.0004. This difference is more than four times larger
than its standard deviation and is therefore significant.
The Rb/Sr ratio of the source material of carbonatite
can be calculated using the method described by Faure and
Hurley (1962). It is assumed that at the time of formation
of the earth 4.5 billion years ago, the source material of
carbonatite had a Sr87/Sr86 ratio equal to the primordial
ratio, 0.7004 ± 0.002 (Gast, 1960). If the present
Sr87/Sr86 ratio of this source material is 0.7065 ; 0.0003,
its Rb/Sr ratio is calculated to equal 0.032 + 0.012.
The error is the limit of uncertainty and does not reflect
the precision of this value. Higasy (1954) has found the
average concentration of rubidium in carbonatites to be
less than 1 ppm. A conservative estimate of the average
concentration of strontium in carbonatites is 5000 ppm
(Pecora, 1956). Therefore the average Rb/Sr ratio of
carbonatites is less than 1/5000, or less than 0.0002,
although the Rb/Sr ratio of their source material is 0.032
± 0.012. The process which has produced carbonatites has
therefore caused an enrichment in strontium and (or) a
depletion in rubidium in carbonatites relative to their
source material.
DISCUSSION OF RESULTS
Mode of alacement of Carbonatites
The strontium isotopic evidence indicates that the
calcite rock at Oka, Quebec is not a xenolith of Grenville
marble, and that the Rocky Boy carbonatite is not a mobi-
lized xenolith of the Madison limestone. In addition,
further evidence has been presented in support of the con.
elusion that the Spitzkop carbonatite is not a xenolith of
the Transvaal dolomite.
The Sr87/Sr86 ratios of the Oka, Rocky Boy, Magnet
Cove, and Iron Hill carbonatites were found to be identical
within the analytical precision to those of the associated
alkaline rocks. This strongly supports the conclusion that
these carbonatites are comagmatic with the alkaline rocks
associated with them.
Advocates of limestone syntexis have argued that the
fact that limestone does not outcrop near a particular
alkaline complex does not disprove their theory, since lime,
stone could occur at depth and not be exposed at the surface.
This argument could be applied to the complexes at Magnet
Cove and Iron Hill. Similarly, it could be argued that the
Oka and Rocky Boy carbonatites are xenoliths of deep-seated
and unexposed limestones.
If these four carbonatites are xenoliths, then the
deep-seated limestones from which they were derived must by
chance have had sr87/r 86 ratios which were identical to
those of the invading alkaline magma, and which were lower
than those of most limestones. This is an improbable situ-
ation, and it is more logical to conclude that the Oka,
Rocky Boy, Magnet Cove, and Iron Hill carbonatites are not
xenoliths of limestone.
The Sr87/sr86 ratios in each of the 21 carbonatites
analyzed were lower than those observed in most limestones,
With one exception the ratios in the individual carbonatites
were not significantly different from the mean value. These
facts are not compatible with the hypothesis that carbon-
atites are xenoliths of limestones randomly encountered by
rising magmas.
In addition to the hypotheses that they are of mag-
matio origin or of xenolithic origin, carbonatites have also
been suggested to have been formed by gas transfer and by
hydrothermal replacement. Rocks formed from the same parent
magma by magmatic crystallization, by gas transfer, and by
hydrothermal replacement would possess identical sr87/Sr86
ratios. Therefore the strontium isotopic evidence, although
it indicates that the carbonatites are comagmatio with the
alkaline rocks, does not allow a choice to be made between
these three alternative modes of emplacement. However, the
hypothesis that carbonatites have had a magmatic mode of
formation is the only one of the three which is consistent
with the geological evidence, the results of phase equili-
bria investigations (Wyllie and Tuttle, 1960) and the
strontium isotopic evidence. It is therefore concluded
that carbonatites have crystallized from a high temperature
magma or fluid.
Source of 002
The data which apply to this discussion are presented
in histogram form in Figure A-l. The Sr87/sr86 ratios in
sedimentary carbonate rooks and in carbonatites have been
listed in Tables A-l and A-l0, respectively. The data for
oceanio basalts and continental volcanic rocks were reported
by Paure and Hurley (1962).
The strontium isotopic evidence has been found to
support the conclusion that carbonatites are not mobilized
xenoliths of sedimentary carbonate rocks, However, the
striking difference in the sr 8 7/sr 8 6 ratios of these two
groups, as shown in Figure A-1, does not in itself rule out
the possibility that the 002 in carbonatites is resurgent.
According to the limestone syntezis hypothesis a relatively
small amount of carbonate rock is assimilated by a large
mass of basaltic or granitic magma. It is conceivable that
this carbonate rock could be completely dissolved and a
carbonatite formed in the late stages of differentiation of
the carbonated primary magma. Even though the 002 of a
carbonatite formed in this way would be resurgent, its
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Sr87/sr 86 ratio would be nearly identical to that of the
primary magma. Therefore carbonatites could contain
resurgent 002 and still possess 3r87/sr8 6 ratios which
differed from those of limestones.
As shown in Figure Ael limestones in general have
higher Sr87/Sr86 ratios than basalts, and therefore assi.
milation of limestone by basalt magma could only raise the
Sr8 7/3r 86 ratio of the magma. Since granitic magmas would
not have lower ratios than basalt magma there is no way in
which limestone syntexis can produce rocks with Gr87/Sr86
ratios lower than those of basalts. Yet in an earlier
section it was shown that the mean Sr87/Sr86 ratio of
carbonatites is significantly lower than that of the conti-
nental volcanic rocks analyzed by Faure and Hurley (1962)
and shown in Figure A-l. This result appears to be incom-
patible with the hypothesis that carbonatites are formed by
limestone syntexis, and it supports the conclusion that
their 002 is Juvenile.
Homogeneity of Source Material
With one exception the Sr8T/Sr86 ratios in the 21
carbonatites analyzed were not significantly different from
the mean value. Comparison with the data reported by Faure
(1961) demonstrated that the source material of carbonatite
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is as homogeneous in its Sr87/Sr86 ratio as is the source
material of basalt magma. Since basalt magma is believed
to be derived from the upper mantle, it can be concluded
that the source material of carbonatite has a homogeneity
similar to that of the upper mantle. The small spread of
the Sr8 7/Sr86 ratios observed in carbonatites is consistent
with the hypothesis that they are derived from similar
source materials by similar geologic processes.
S.te of Magma Geneyation
The Rb/Gr ratio of the source material of carbonatite
was found to equal 0.032 ± 0.012, though the average Rb/Sr
ratio of the carbonatites themselves is less than 0.0002.
This indicates that carbonatites have been derived from a
source material whose composition was somewhat different
from their own. The value of Rb/Sr = 0.032 t 0.012 is
different from the Rb/sr ratio of common sialic rocks such
as granites, granitic gneisses, andesites, shales, etc.
Similarly, the Sr87/3r86 ratios of carbonatites are lower
than those of rocks usually found in the sial. Partial
fusion of very carbonaceous shales, for example, would not
produce magmas with sr87/Sr86 ratios as low as those
measured in carbonatites. The Rb/Sr ratio and the Sr87/Sr86
ratio of the source material of carbonatite are more similar
to those of mafic and ultramafic rooks than to any other
types.
This evidence, together with that regarding the homo-
geneity of the source material of carbonatite, supports the
conclusion that carbonatites have a subsialio source. The
association of carbonatites with volcanism, rift faulting,
and rocks such as kimberlites is also suggestive of deep-
seated activity. Therefore both the geological evidence and
the strontium isotopic evidence point to a subsialic source
for carbonatites.
Composition of Source Material
The world-wide occurrence of similar carbonatite
complexes, as well as the homogeneity of their source
material, makes it reasonable to conclude that this source
material has a world-wide distribution beneath the sial.
On the basis of geophysical and geological evidence,
materials which may possibly have such a distribution are
basalt magma, peridotite (dunite), and sclogite. Recent
phase equilibria studies by Yoder and Tilley (1961, p. 110)
indicate that "eologites themselves are probably the partial
melting product of a more primitive rock, presumably peri-
dotite." Therefore the possible ultimate source materials
-M5 2-
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of the carbonatite-alkaline rock association appear to be
either basalt magma or peridotite. This same conclusion has
been reached by many petrologists studying the field and
petrographic features of carbonatites.
The hypothesis that carbonatites are derived from
basalt magma can be tested by comparing the Sr87/sr86 ratios
of these rooks. Since carbonatites are found only in conti-
nental environments their Sr87/Sr86 ratios should be com-
pared to those of continental basaltic rooks. The
continental basaltic rooks analysed by Paure and Hurley
(1962) and shown in Figure A-i included: andesites from
Japan; tholelitic basalts from the Deocan plateau, India
and the Columbia River plateau; diabases from New Jersey
and Connecticut; olivine basalt from Iceland; and basalts
from Mt. Vesuvius, Yellowstone Park, and Squaw Creek,
Montana. This appears to be a representative group of con-
tinental basaltic rooks. The Sr87/sr86 ratios of these
rooks and the ratios of the carbonatites overlap, as shown
in Figure A-1. However, the individual ratios in each
group are identical within the analytical precision to the
mean of the group. Therefore the mean sr 87/Sr 86 ratio of
the 21 carbonatites can be compared to the mean 3r87/Sr 86
ratio of the 14 continental basaltic rocks. As was
pointed out on p.44, the mean Sr87/Sr86 ratios of the two
groups differ by 0.0017 , 0.0004. Since this difference is
more than four times larger than its standard deviation it
is significant. This result supports the conolusion that
the carbonatites and related rooks are not derived from
basalt magma.
Additional evidence regarding the sr 87/Sr 8 6 ratios
in continental basaltic rocks is provided by Faure and
others (1962), These authors report initial Sr87/Sr86
ratios in six continental basic intrusives: the Skaergaard
intrusive, the Duluth gabbro, the Endion sill, the Sudbury
norite, the Stillvater complex, and the Bushveld complex.
The mean initial sr87/sr86 ratio of these six is 0.7079,
which is significantly higher than 0.7065, the mean
Sr87/Sr86 ratio in carbonatites. With one exception these
intrusives are Precambrian, and therefore the present day
Sr87/Sr86 ratio in their source material is higher than
0.7079 because of the addition of radiogenic Sr87. This
evidence provides further support for the conclusion that
the carbonatite-alkaline rook association is not formed
from basalt magma.
On the basis of this result, it appears probable
that the ultimate source material of the carbonatites and
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related rocks is of peridotitio composition. At present no
data regarding the isotopic composition of strontium in
peridotites are available. However, the conclusion that the
source material of the carbonatite-alkaline rook association
is of peridotitio composition has been reached by a number
of petrologists. For example, Saether (1957) and von
Bokermann (1960) have suggested that the parent material of
the Fen, Norway and Aln8, 3weden carbonatites, respectively,
was of kimberlitic composition. Kimberlite and peridotite
are closely related. Tomkeieff (1961) believes that a
primary hyperfusible-rich peridotite magma is the source
material of the carbonatites and associated alkaline rooks.
Strauss and Trater (1950) suggest that the parental material
which gave rise to the Spitzkop complex, Transvaal was of
peridotitic composition. King and Sutherland (1960, p. 719)
present a schematic diagram showing how the carbonatite-
alkaline rook association can be derived from a carbonated
alkali peridotite. Harkin (1959, p. 166) writes:
There is increasing support for the view that carbon-
atites and kimberlites have closely related origins and
it is supposed that the ultimate source of both may be
in the earth's peridotite layer.
Although the parent material giving rise to the
carbonatite-alkaline rook association is believed to be of
peridotitic composition, a magma produced by partial melting
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of this material would undoubtedly be enriched in volatiles
and alkalis, and might in some cases approach kimberlite in
composition. Kimberlites are knovn to contain primary 002
in relatively large amounts (Watson, 1955, p. 572) and
according to Boyd and England (1961p p. 47) "the primary
minerals in diamond-bearing kimberlites are probably the
most reliable samples of the upper mantle." This evidence
confirms the existence of juvenile 002 in the upper mantle.
Kimberlites are enriched in many of the minor and trace
elements which are characteristically concentrated in
carbonatites (Dawson, 1961). Therefore it is quite possi-
ble, as Harkin (1959) suggests, that carbonatites and
kimberlites are genetically related and that both originate
from partial melting of peridotite at depth.
The peridotitic material from which the carbonatite--
alkaline rock association is believed to be derived is not
assumed to contain an unusually high concentration of 002
and other trace constituents. Rather these components are
considered to become concentrated by differentiation and
diffusion in the volatile and alkali-rich magma formed by
partial melting of this material, Saether (1957) has
described this process in more detail.
RbIr Ratio in the Upp3er Mantle
Yoder and Tilley (1961) have provided evidence from
phase equilibria studies which indicates that the more
alkaline magmas are generated at greater depths than the
normal basaltic types. They suggest that tholeiltic basalts
are formed by partial melting of peridotite at shallow
depths in the mantle, and that the alkali and nepheline
basalts are generated by partial melting of peridotite at
successively greater depths, This evidence supports the
conclusion that the carbonatite-alkaline rock association
is derived by partial melting of a deep-seated rook of
peridotitio composition,
According to the hypothesis proposed by Yoder and
Tilley the tholeiitio basalts usually found in continental
environments, the alkaline basalts typical of the oceanic
islands, and the alkaline and peralkaline magmas of the
carbonatite association may be derived from successively
greater depths in the mantle. The data reported in Figure
A-l (p.49) show that the continental volcanic rocks# the
oceanic basalts, and the carbonatites appear to have pro.
gressively lower Sr87/Sr86 ratios. This result implies
that the Sr87/Sr 86 ratio, and therefore the Rb/Sr ratio,
decreases with depth in the upper mantle.
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This implication is consistent with geochemical
evidence which indicates that the radioactive elements U,
Th, and K have suffered an upward concentration in the
earth. Since rubidium and potassium are geochemically
coherent elements, it is reasonable to expect that rubi--
dium has also had an upward concentration. This implies
that rubidium is less abundant at successively greater
depths. On the other hand the average strontium conoen--
tration would not be expected to vary greatly with depth.
Therefore the geochemical evidence also indicates that the
Rb/Sr ratio in the upper mantle may decrease with depth.
It appears that the strontium isotopic evidence
obtained in this investigation, the theory outlined by
Yoder and Tilley, and the geochemical evidence regarding
the upward concentration of alkalis in the earth are all
consistent with the hypothesis that alkaline magmas are
generated at greater depths than more normal types, and
that at these depths the Rb/3r ratio and therefore the
sr37/sr86 ratio are lower than at levels nearer the
surface.
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CONCLUSIONS
Tho evidence presented in this paper indicates that
the r 87/3r 86 ratio in carbonate rocks associated with
igneous rocks can be used as a criterion for distinguishing
carbonatites from xenoliths of sedimentary carbonate rooks.
In two cases the 4r87/Sr86 ratios of carbonatites
were found to be distinctly different from those of sedi-
mentary carbonate rocks 1hich had been proposed as the
parental material of the carbonatites. The evidence from
the four complexes which were studied in detail strongly
supports the conclusion that the carbonatites are comag-
matic with the associated alkaline rooks. The 'r87/3r 8 6
ratios of all the carbonatites analyzed were lower than
those usually observed in limestones. We conclude from
this evidence that in general carbonatites are not xeno-
liths of sedimentary carbonate rooks but are comagmatic
with the associated alkaline rooks.
The Sr 87/sr 8 6 ratios of carbonatites appear to be
significantly lower than those of continental basaltic
rooks, This result is not compatible with the hypothesis
that the carbonatite-alkaline rock association is formed
by limestone syntexis. It indicates that carbonatites
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originate beneath the sial and therefore contain juvenile
0020 It does not appear to be consistent with the hypo-
thesis that carbonatites are derived from basalt magma.
We conclude that the most probable source material
of the carbonatite-alkaline rook association is a deep-
seated rook of peridotitio composition.
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PART II
CHAPTER I
REVIEW OP THE LITERATURE ON CARBONATITES
I. INTRODUCTION
The increasing interest in carbonatites is reflected
by the number of reviews which have appeared in recent
years. Articles from three countries were published almost
simultaneously by Agard (1956), Pecora (1956), and
Campbell Smith (1956). A booklet, in Russian, edited by
Ginsburg (1958) reviewed carbonatite occurrences from all
over the world, but provided little information concerning
the Russian carbonatite occurrences. A review of the
alkaline rooks and carbonatites of eastern and southern
Africa was published by King and Sutherland (1960).
Tomkeieff (1961) reviewed the carbonatite occurrences in
the Soviet Union. His paper contains a comprehensive
bibliography of the Russian literature dealing with
carbonatites. The reader is referred to these papers for
a more detailed review than will be presented herein.
II. DEFINITION OP TERM3
Campbell Smith (1956, p. 189) states:
The rooks now generally spoken of as carbonatites
may be briefly described as rocks which though in
general mineral composition similar to limestones and
marbles of known sedimentary origin, yet appear to
behave as intrusive rooks and are closely associated
with alkaline igneous rooks.
Pecora (1956, p. 1538) writes:
It is clearly implied in the petrologic literature
that the carbonatites are a special kind of carbonate-
rich rook genetically related to the alkaline rock-
forming process and alkalicemagma Irruption. The
carbonatic fluid, whatever its temperature, concen-
tration, or physical state, is an active, invading
agent capable of precipitating minerals.
He thus takes the position (p. 1551) that ", . . the term
carbonatites should be restricted to those special carbonate-
rich rocks in alkalic provinces that can be shown to be
intrusive and formed by precipitation from hot solutions
of any temperature and pressure." The latter statement will
be adopted in this work as the definition of carbonatite.
It is implied in this definition that the carbon--
atites may have existed as fluids, as magmas, or both.
The definition excludes xenoliths and skarns where they
are recognizable as such. Some occurrences of carbonate
rock (Magnet Cove, Arkansas; Spitzkop, South Africa) which
were previously described as renoliths are now believed to
be carbonatites. This emphasizes one shortcoming of the
definition adopted, namely, that the use of the term
carbonatite as defined becomes somewhat subjective. A rock
which one petrologist would term carbonatite might be
referred to as a xenolith by another. This author is,
however, in agreement with Pecora who writes (1956, p. 1551)g
d70~W
"The larger masses of carbonate rook within alkalio com-
plexes or volcanic necks are likewise called carbonatites
if it cannot be established that they are zenoliths."
The term carbonatite as originally defined (Bragger,
1921) was used in a plural sense to include several
carbonate rook types. These were given specific names
such as s8vite, beforsite, alvikite, ringite, etc.,
according to their mineralogic composition. Although most
of these specific names have not been adopted outside of
the type locality of Fen, Norway, a few have become more
widely used. These are: (1) s8vite, a medium and coarse-
grained rook containing over 90 per cent oaloite, (2)
alvikite, the hypabyssal analogue of s~vite, (3) rauhaugite,
a medium and coarse-grained rook containing over 90 per
cent dolomite, and (4) beforsite, the hypabyssal analogue
of rauhaugite.
A summary and diagrammatic representation of the
nomenclature of carbonatites and alkaline rocks is given by
von Eokermann (1948, Fig. 1 and 2, pp. 13-16).
III. HISTORY OF CARBONATITE INVESTIGATIONS
The concept of primary calcite in igneous rocks had
been suggested by H5gbom (1895) among others. Several
carbonatite complexes (Magnet Cove, Kaiserstuhl, Aln8,
Jacupiranga) had been studied during the 19th century, -out
with the exception of Aln8 it was not suggested that they
contained primary carbonate. The first suggestion that
there could be carbonate magma at depth was made by
W. C. Br8gger (1921) in his classic memoir on the carbon-
atites and alkaline rocks of the Fer area in Norway.
Br8gger's theory of carbonate magmas was not accepted by
N. L. Bowen (1924) who believed that his thin section
studies demonstrated that the sovite at Pen was formed by
hydrothermal replacement. He was influenced by the
experimental work of Smyth and Adams (1923) who found that
the melting point of CaC03 was 13390 C at 1000 bars, thus
making it appear unlikely that carbonate magmas could exist
in nature. Daly (1925) published an account of carbonalite
dikes associated with kimberlite at the Premier 1iue,
Transvaal. He believed that these dikes were to be classi-
fled as magmatic. In the next year Brauns (1926) disputed
Bowen's contention that the Pen carbonatite was a replace-
ment body. Brauns supported Br8gger's theory that the
calcite was primary. Bowen (1926) answered Brauns' criti-
cisam with a further statement of his belief that the Pen
carbonate rock had formed by hydrothermal replacement.
Kranck (1928) described an occurrence of carbonatites and
melilite rocks at Turja in the Kola Peninsula. These rocks
were also the subject of a paper by Beliankin and Vlodavetz
(1932). An account of this discussion regarding the origin
of carbonatites is given by Daly (1933).
A new period in the study of carbonatites was begun
in 1934 when Dr. F. Dixey, at the suggestion of Dr. W.
Campbell Smith, examined limestone bodies at Chilwa Island,
Nyasaland for the purpose of comparing them to the Pen and
Aln carbonatites. Dr. Dixey's observation that the Chilwa
Island limestone was intrusive marked the first recognition
of carbonatite in Africa. A historical account of the
study of the Chilwa Island carbonatite is given by Garson
and Campbell Smith (1958, p. 1). Further study of the Lake
Chilwa area led to the discovery of several more carbon-
atites which were described by Dixey and others (1937).
The discussion of the origin of carbonatites was
continued in 1938 at the Cambridge meeting of the British
Association for the Advancement of Science. At this
meeting Harry von Bokermann, W. Campbell Smith, and
S. I. Tomkeieff expressed the opinion that the Aln8, Chilwa,
and Pen carbonatites respectively were of igneous origin
and not formed by limestone assimilation (von Eckermann,
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1938; Campbell Smith, 1938; Tomkeoeff, 1938). At about
this some time other carbonatite discoveries were being
made in Africa, but were not fully described until World
war II had ended. In 1942 Larsen published his coount
of the Iron Hill stock, Colorado. This stock contains
a large mass of carbonate rook now believed to be carbon-
atite.
In the period from 1942-1945 no new accounts of
carbonatites appeared. After the war several which had
been discovered earlier were described, and exploration
for new occurrences of carbonatite began. The success
of this post-war exploration is evidenced by the fact
that Pecora (1956, Table 1) in his review paper was able
to list twenty-four occurrences of carbonatite in Africa.
Since 1956 several more carbonatites have been
found in Africa (King and Sutherland, 1960), and dis-
coveries will undoubtedly continue to be made there. In
addition to those in southern Africa, carbonatites have
recently been found in Quebec, Ontario, California, Brazil,
Morocco, and the U.S.S.R. 3ome of the more recent dis-
coveries have resulted from the use of aerial photography.
Modern geochemical prospecting techniques have also been
recently used (van Wambeke, 1960).
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IV. GEOLOGY OF CARBONATITES
Geologio Relations
Ild relations and structure. Garbonatites occur
almost exclusively in intimate association with alkaline
rocks. The few carbonatites not found with alkaline rooks,
such as those at Toror, Uganda and many of the Chilwa vents
in Nyasaland, nevertheless occur in well recognized alkam
line petrographic provinces.
The alkaline rocks of the world, as emphasized by
Backlund (1932) and other writers, typically occur as small,
roughly oircular, zoned or ring dike complexes in areas
characterized by stability or rift faulting. Turner and
Verhoogen (1960) point out that the carbonatites within
these complexes can occur as: (1) central plugs, somew
times themselves containing rings of mineralogically
differing carbonates, (2) ring dike and cone sheet swarms,
(3) dikes cutting the alkaline rocks and the country rock,
and (4) one or more irregularly shaped bodies. Bailey
(1960, p. 28) describes the carbonatite body at Kaluwe,
Northern Rhodesia as a concordant intrusion into Karroo
sediments. King and Sutherland (1960, p. 309) cite James
(1956) as recording the extrusion of carbonatite from the
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crater of Kerimasi In Tanganyika. According to Bailey
(1960, p. 62) one active voloano, Oldonyo Lengal in
Tanganyka, was observed to eject carbonate ash in 1954.
It is clear from these observations that carbonatites in
many areas have the appearance of igneous rocks.
It has become increasingly evident from the work
of geologists in Africa that there is a close relation
between carbonatite formation and volcanism. The idea
that alkaline plutonic complexes might represent the
roots of ancient volcanos has been supported by many
geologists. The relation of carbonatites and alkaline
rooks to voloanism is well displayed in Africa where
volcanic and plutonic complexes are eroded to different
levels. Williams (1959, p. 10) and King and Sutherland
(1960, p. 317) have shown that it is possible to relate
the age and erosional level of volcanic structures to
the amount of plutonic rock visible. They imply that
carbonatite probably occurs at depth in many volcanic
complexes in which it is not presently exposed.
Distribution. Some Information concerning the
distribution of carbonatites was given in Section III.
The carbonatites, like the alkaline rocks, tend to occur
in zones characterized by crustal stability or rifting.
They are not found in orogenic belts.
Well over half of the carbonatites described to
date ocour in southern Africa. In addition, carbonatites
have been discovered in British Columbia, Ontario, Quebeo,
California, Montana, Colorado, Arkansas, Brazil, Norway,
Oweden, Germany, Mlorocco, the Kola Peninsula, and Siberia.
Geolonig aI. Because carbonatite complexes usually
intrude Precambrian rocks, it is in general difficult to
determine their age relations precisely. Carbonatites
have been found to range in age from Precambrian (Mountain
Pass, California) to late Tertiary (several in eastern
Uganda). The majority of the carbonatite complexes in
Africa and elsewhere are post-Paleozolo in age.
New techniques of absolute age determination appear
promising. The author has applied the rubidium-strontium
technique to the igneous complexes at Oka, Quebec (p.167)
and Magnet Cove, Arkansas (p.173 ). In general, however,
the enrichment of these complexes in strontium (see p.81)
will limit the usefulness of this technique. The potassiumm-
argon method appears to hold the most promise. The biotite
which frequently occurs in the carbonatite and the alkaline
rooks as an accessory mineral could be used for this
purpose. Since these complexes have in general not been
metamorphosed, argon leakage should present no problem.
Paul and others (1959) have successfully applied this
method to a biotite from the Pen carbonatite.
Petroaphy. The silicate rooks associated with
carbonatites include a great variety of alkaline and
ultramafic types, some of which are found only in one
'r two localities in the world. The nomenclature of
these rooks is formidable.
The volcanic rocks which can be shown to be related
to carbonatites are also of an alkaline nature. King and
Sutherland (1960, p. 715) point out that these volcanic
rooks are usually of nephelinitio composition, although
trachytes and phonolites also occur. Holmes (1950) has
suggested that a genetic relation exists between carbon-
atite and the ultramafio lotassic lavas of the Western
Rift area of East Africa.
The plutonio associates of carbonatites can be
divided into four groups. These are: (1) the alkali
syenite series, (2) the malignite-nepheline syenite
(foyaite) series, (3) the melteigite-ijolite-urtite series,
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and (4) the somewhat less common ultramafic series
(jacupirangite, uncompahgrite, peridotite etc.).
The alkali syenite series is of interest in that
in many complexes these rooks have been termed fenites,
that is, rooks formed by fenitization. This term, intro.
duced by Br8gger (1921), has now come to be used to
describe "any rocks that have suffered alkali meta-
somatism around alkali intrusions, irrespective of
composition, but excluding mobilized (rhoomorphic) and
transported hybrid mixed rooks" (Baker, 1953, p. 40).
Fenitization is now recognized as a common associate of
the alkaline rockwforming process.
In those complexes in which the age relations of
the various rock types have been established, the
carbonatite is in general the latest member. In some
cases alkaline and carbonatite dikes out the other rocks
of the complex including the main body of carbonatite.
Generalized cross-sections of carbonatite complexes have
been given by von Eckermann (19489 Fig. 50. p. 148) for
the Aln8 complex and by Garson and Campbell Smith (1958,
Fig. 14) for a typical complex. The latter diagram
displays the relations of the plutonic carbonatite and
alkaline rooks to the volcanic superstructure. It shows,
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from the country rook inward, the sequence: (1) outer
sone of fenitization, (2) syenitewfenite, (3) nepheline
syenite, (4) ijolite, and (5) carbonatite with successive
Ca, CasaMg, and Oa-Mg-Fe-rh fractions. While few oom-
plexes ascribe exactly to this sequence, the diagram does
give an accurate picture of the general configuration of
a carbonatite complex.
Composition
Mineralogr. According to Pecora (1956, p. 1542)
over fifty different minerals have been recorded in
carbonatites. Ginsburg (1958, Table 2) lists seventy.
seven different minerals found in carbonatites.
Although most carbonatites are composed of calcite,
other common carbonates such as dolomite, ankerite, and
siderite also occur. At Ohilwa Island, Nyasaland a core
of manganese and iron-rich carbonatite is surrounded in
turn by rings of ankeritic and sovitic carbonatite. At
Spitskop, Transvaal and Firesand River, Ontario a core of
dolomitic carbonatite is surrounded by a ring of calcitic
carbonatite.
The most common accessory minerals are apatite,
magnetite, and biotite; in places pyroxene and amphibole
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are found, A number of other silicates, including
potassium feldspar, nepheline, melilite, forsterite, and
monticellite, are found less often.
In addition, a wide variety of rare minerals are
found in carbonatites. These include, among others,
pyrochlore, koppite, monazite, bastnaesite, parasite&
synchisite, sahamalite, cerite, isokite and perovskite.
Chemocal. omggosition. The range in major element
composition of eighty published analyses of carbonate-rich
and silicate-rich carbonatites is given by Pecora (1956,
Table 2). It is difficult to obtain an average chemical
composition for carbonatites because of their variable
mineralogy. In general, carbonatites and sedimentary
carbonate rocks have similar major element compositions.
Carbonatites tend to have higher SiO2-N total Ye, and
A1203 than many sedimentary carbonate rocks because of
the frequent occurrence of alumino-osilicate minerals in
the carbonatites. The difference in minor and trace
element composition between the two is striking.
The concentration of some minor and
trace elements in alkaline rocks, carbonatites, and sedi-
mentary carbonate rocks is given in Table 1.1.
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Table 1.1 Minor and Trace Element Composition of Alkaline
Rooks, Carbonatites, and Sedimentary
Carbonate Rocks
Sedimentary
Element Carbonate Rooks Alkaline Rocks Carbonatites
150±110 (1)
320 (1)
1411? (1)
500?
70±40
3
(1)
475±50 (1)
300±150 (1)
13±8? (1)
174
0.3
400
11.5
(1)
(2)
(2)
(2)
1,000-10,000 (3)
1,200
70
850
110
5,000-100,000
(2) 200-24,000
(2) 300-1,500
(2) 700-15,000
(2) <1
1,000-10,000 (3)
3,000-12,000 (3)
20
5,000-200,000
600-18,000
(2) 140
280-1,400
7-350
1,000-10,000
161
(3) 7-140
(3) 7-3,500
(3) 500-30,000
(2) <300-4,000
1,200 (2) 1,000-3,000 (2) 10,000-100000 (3)
All values are reported in parts per million.
The numbers in parentheses refer to the following
sources: (1) Graf (1960), (2) Turekian and Wedepohl (1961),
(3) Pecora (1956), (4) Higazy (1954), (5) Garson and
Campbell Smith (1958), and (6) Parsons (1961).
Ba
F
La
Mn
Rb
Ti
Zr
Nb
P
Ce
(3)
(3)
(5)
(6)
(4)
(3)
(3)
(4)
(3)
(3)
(3)
(5)
It is apparent that in minor and trace element
composition the carbonatites resemble the alkaline rocks
more closely than they do sedimentary carbonate rocks.
This fact has been recognised for some time and has been
considered by most writers to be of great significance
in regard to the origin of carbonatites.
All of the elements listed in Table 1.1 except Rb have
higher concentrations in carbonatites than in sedimentary
carbonate rocks. With the exception of zirconium and
titanium these elements also are more highly concentrated
in carbonatites than in alkaline rooks. Alkaline rocks
in general contain greater abundances of 002 than other
igneous rocks. This is a further indication of the simi-
larity in the chemical composition of the carbonatites
and the alkaline rocks.
The elements most highly concentrated in carbon-
atites can be classified according to their chemical
behavior as follows:
Alkaline Earths Rare Earths Volatiles jthers
Ba La P Nb
Jr Y S P
Ce 002 Zr
The presence of other alkaline earths such as barium
and strontium in a calcium--rich environment is to be expected.
However, the mechanism by which they were so strongly
concentrated remains obscure. The presence of the other
groups can be explained if we assume that in the process
of carbonatite formation there has at one time existed
a high temperature fluid or magma rich in 002* Other
volatile elements such as fluorine and sulfur would also
be expected to concentrate in this volatile-rich environ
ment. The behavior of the rare earths would be analogous
to that found in pegmatites which are also formed in
volatile-rich environments. The rare earths would not
be apt to enter any of the earlier crystallizing minerals;
they would concentrate in the last phase to crystallize,
in this case presumably OaCO3, and would in part sub-
stitute for calcium and in part form their own carbonate
minerals. The presence of the remaining group, zirconium,
niobium, and phosphorus, appears at first glance to be
more difficult to explain. However, Snether (1950, p. 127)
points out that these elements form volatile halogenids,
and they would thus be expected to concentrate in a
volatilegorIch environment. Pecora (1956, p. 1544) gives
a more detailed discussion of the geochemistry of some of
the elements listed above.
V. EXPBRIMENTAL INVBSTIGATIONS
Phase Bouilibria
Apart from some early experiments by workers such
as Niggli, Sokola, Goldschmidt, and 3itel (see Wyllie and
Tuttle, 1960, p. 41) the first experimental study of direct
importance to carbonatite genesis was carried out by Smyth
and Adams (1923). They demonstrated that the melting
temperature of oalcite at 1000 bare was 13390 0. Since
field observations indicated that such high temperatures
were not reached during the formation of carbonatites,
this evidence caused a number of geologists to reject the
concept of a carbonate magma.
Morey and Fleischer (1940) investigated the system
002'H20-K2 0-SI02 and found that the solubility of alkali
silicates at high temperatures increases as 002 pressure
increases. Miller (1952) showed in a study of part of the
system aC03-0C02-H20 that the solubility of Ca003 increased
with increasing 002 pressure. farker and Tuttle studied
thermal dissociation in the system Ca04-Mg0-00 2* They
write (1955a, p. 223). "It is unlikely that pure carbon-
atite magmas could occur in nature because the temperatures
involved are probably above those necessary to cause some
fusion in the country rocks."
Paterson (1958), however, reported the partial
melting of calcite in the presence of water and carbon
dioxide at a temperature of "around 9000 C to 10000 0"'
and at a total pressure of 50 bars.
The subsequent experiments of Wyllie and Tuttle
(1960) furnished proof that systems which could be
considered as simplified carbonatites contained low
temperature liquids. They write (p. 45) that in the
system CaO-.002-120, "the ternary liquids exist at least
in the pressure range 27 to 4000 bars with temperatures
varying from 6850 0 to 6400 0." They found (p. 42) that
at 1000 bars and 6830 0, presence of 6.5 weight per cent
H20 produced 50 per cent liquefaction.
Although these results demonstrate the existence
of hydrous carbonate liquids at low temperatures and
pressures, some writers question their applicability to
natural carbonatites. Por example, King and Sutherland
(1960, p. 715) write in discussing the work of Wyllie and
Tuttle:
In view, however, of the consistent evidence of the
content of carbonatites in volatiles and alkalis prior
to emplacement it is probable that earlier experiments
on systems containing CaC03 and Na200 or K2003 are
equally relavent. In these systems liquids with more
than 50 per cent of alkali carbonate exist at tempera-
tures at least as low as 7500 0.
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Von Eokermann (1948) believed that all the igneous rooks
of the Anl complex were derived from a carbonatite magma
rich in K2003.
King and Sutherland, and von rckermann assigned
this major role to potassium because of their conclusion
that the potassium introduced into the host rook during
the process of fenitiaation came from the carbonatite fluid
or magma. It is not universally agreed, however, that the
source of the fenitising solutions lies in the carbonatite
alone. Some authors, among them Holmes (1950) and Russell
and others (1954), assign a minor role to potassium. As
Wyllie and Tuttle point out (1960, p. 41):
It is difficult to reach conclusions concerning the
composition of carbonatites at their source because of
the exchange of material between carbonatite and country
rocks and because of the differentiation occurring
within the carbonatite. Moreover the Aln8 complex is
the only one which has received a detailed chemical
study.
This writer feels that Wyllie and Tuttle are justi-m
fied in regarding the low temperature liquids in the system
Ca0-002*H2 0 as simplified carbonatite magmas in which CaO
represents the basic oxides and 002 and H20 the volatile
constituents. Their results show that carbonatite magmas
can exist at moderate pressures and at temperatures of less
than 7000 0 which is the upper limit placed by Bowen on the
temperature of intrusion of the Pen complex.
Carbonate Mineral ThIermoIetry
Solid solution in the system CaCO3-MgCO3 has been
studied experimentally in recent years by a number of
investigators, among them Harker and Tuttle (1955a, 1955b).
and Graf and Goldsmith (1958). Goldsmith and Heard (1961)
present a rather complete temperature-composition diagram
for this system.
Pecora (1956) has suggested that it should be
possible to use the relations of calcite and dolomite in
carbonatites in conjunction with this experimental work to
establish the physiooachemical conditions of formation of
the carbonatites. The photomiorographs displayed by
von Bokermann (1948, Pl. 35) and Russell and others (1954,
Pl. 31) clearly show the exsolution of dolomite lamellae
from a calcite matrix, implying a high temperature of
crystallization.
IsotoeGeolony
Oxyre and Carbon. The isotopic abundances of these
elements in carbonatites have been reported by Baertschi
(1951. 1957), and by von Eckermann, von Ubisch, and Wc.0kman
(1952). since a comparison between the isotopic abundance
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of 018, 013, and Sr87 in carbonatites will be the eubject
of a later chapter they will not be discussed furthLr here
except to quote Baertschi (1957, p. 150), who writes,
"Die Isotopenzusammensetzung der Karbonatite liast sich
im allgemeinen mit dem postulierten magmatischen Ursprung
vereinbaren, liefert aber keinen sichern Anhaltapunkt fur
diesen."
.Lead. Only a few lead isotope analyses from minerals
occurring in carbonatites have been reported. Russell and
others (1954) report an analysis of a uranoan thorianite
from the Loolekop carbonatite. Coetzee and Edwards (1959,
p. 376) discuss an analysis of a galena from the carbonatite
at Mrima Hill, Kenya which gave: Pb2o6/Pb2O4 = 19.6,
Pb207/Pb2O4 = 15.7, Pb2O8/Pb2o4 = 39.7. Two alternative
interpretations are made of these data by the authors:
(1) It is "normal" lead falling at the zero-age
extremity of the average curves, i. e. it is very
young galena, and (2) it is slightly radiogenic lead
which is somewhat greater in age.
Coetzee and Edwards. prefer the second hypothesis
since some monazite occurs in the carbonatite. They feel
that the geologic evidence suggests that the carbonatite
is post-Jurassic and pre-Mid-Pliocene in age.
Garson and Campbell Smith (1958, p. 86) report an
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analysis of a galona from Ohilwa Island as giving:
Pb206/Pb2 4 a 19.63, Pb2O7/Pb204 = 15.83.
Pb2O8/Pb204 a 39.47, age negative.
Other eint.e Paul and others (1959) have dated
the Pen carbonatite by the K-Ar method. Bergstil and
Svinndal (1960) quote an unpublished K-Ar age for the Pen
rocks.
The only measurement of the isotopic composition of
strontium in carbonatites is reported for the Oka, Quebec
carbonatite by Paure (1961).o This measurement will be
discussed in a later chapter.
VI. PETROGENESIS
The Proble
King and Sutherland (1960, p. 710) point out that
the carbonatite problem is a threefold one involving:
(1) the modes of emplacement of the various members of the
complexes, (2) the genetic relations between volcanic and
plutonic rook types, and (3) the nature of the primary
materials which give rise to the carbonatite-alkaline rock
association.
The Daly-Shand Limestone Systexis Hypothesis
In 1910 R. A. Daly put forth his classic hypothesis
that by assimilation of limestone a basaltic magma could
become desilicated through the resulting crystallisation
of calcium silicates. The undersaturated magma produced
in this way could give rise to a variety of alkaline rock
types through differentiation. This hypothesis was later
espoused by S. J. Shand.
The Daly-Shand hypothesis of limestone syntexis
must be included in any discussion of the origin of alka.
line rocks and in particular in a discussion of carbon--
atites and their relation to alkaline rocks.
In his textbook Igneous R and , e ths of the
B g, Daly in 1933 (p. 501) listed the petrologists who
partially accepted his hypothesis as well as those who were
unfavorable to it. Among those partially accepting it were
Barth (Seiland), Br8gger (Fen), Brouwer (Java), Sitel,
Gevers, Niggli, Rittman (Ischia and Vesuvius), Shand
(feldepathoidal rocks in general), Tilley and Harwood
(Scawt Hill), and Tyrell. The names in parentheses indi.
cate the particular area for which these geologists
partially accepted Daly's hypothesis. Only Shand is listed
-090-
as accepting the hypothesis for feldspathoidal rocks in
general.
Those unfavorable to the hypothesis were Bowen
(in general), Cross, Persmi (Kola Peninsula), GeiJer,
Grout, Harker, Iddings, Kaiser, Lacroix, Lindgren,
C. H. Smyth, J. H. L. Vogt, von Wolff, Washington, and
Wiman. Both of these lists include some of the most
competent petrologists of their period.
The following statements regarding the hypothesis
have appeared in recent textbooks and review papers on
the alkaline rocks. Turner and Verhoogen (1960, p. 396)
write, "Several decades of investigation have failed to
confirm the efficacy of limestone-massimilation as a
significant factor in the development of nepheline-esyenite
magma." King and Sutherland (1960, P. 709) write that
the hypothesis "must now be considered as entirely
unacceptable as an explanation for the alkaline complexes
of Africa and indeed of all comparable complexes else--
where." Tilley points out (1958, p. 334):
Though sweeping claims for the origin of alkali
rooks by limestone syntexis continue to be made,
demonstrable field evidence that feldspathoidal
assemblages have been- so generated is confined to
contact zones of basic and intermediate igneous
rooks.
-92-
According to Pecora (1956, p. 1551), "One great difficulty
of the Daly-Shand limestone syntetis hypothesis is in
creating great volumes of the mafic, subsilioic# potassium-
rich magma."
Other writers of textbooks and review papers are
more favorable to the theory. Barth (1952, p. 204) writes,
"It has been demonstrated repeatedly that alkalic rocks
undersaturated in silica are formed by this mechanism:
for example, the urtite group with differentiates of
idolite, malignite, jacupirangite, etc." Shand (1950)
discusses a number of occurrences which he believes support
the hypothesis and writes that so far as the nepheline.
bearing mesotype and melanocratio rocks of these complexes
are concerned "Daly's hypothesis is proved."
It is instructive to review the devel.opment of
petrologic thought with regard to the origin of the Alna,
Sweden complex. In 1895 H8gbom published a map of the
complex which showed a stock of nepheline syenite con--
taining what apparently are inclusions of limestone. The
limestone bodies are mantled by a zone of intermixed limew
stone and nepheline syenite. Daly (1933, p. 511) displayed
this map and wrote, "Whatever the origin of the limestone
masses at Aln8, their partial solution in nephelite syenite
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magma, or in that from which nephelite syenite has been
derived, is an objective fact." Von Bokermann (1948)
mapped the Aln8 complex in detail and showed that HOgbom's
map did not accurately represent the situation there.
Von Eckermann found that the "limestone masses" were in
fact a swarm of carbonatite cone sheets, and stated
(1950, p. 99), ". . . It can definitely be proved that
limestone syntexis at Aln8 is no longer an objective fact."
Even when confronted with this evidence, Shand, in a
discussion of von Eckermann's paper, was able to say,
. . The case for a sedimentary origin of the carbonate
rooks at Aln8 [is] not yet closed."
Another example, the Spitzkop carbonatite, Transvaal,
had been regarded by Shand (1950, p. 322) as a xenolith of
the Transvaal dolomite. Even when confronted with strong
evidence that the Spitzkop carbonatite was intrusive, Shand
preferred the idea of "mobilized dolomite" to magmatio
carbonatite (discussion of Strauss and Truter, 1951, p. 127).
Pecora (1956, p. 1550) suspected that "Shand's views strive
not so much to oppose the existence of carbonatic fluids
as to retain limestone assimilation as one working hypo-
thesis for the origin of alkalic rocks,"
It is of interest to note the oonments of some
-194.
petrologists with regard to applicability of the limestone
syntexis hypothesis at partioular alkaline compleXes. As
indicated above, Pecora is unfavorable to the theory in
general and in particular in the case of the Rowky Boy
carbonatite. Von Bokermann opposes the hypothesie in the
case of the Aln8 carbonatite. Larsen (1942) reJected the
theory that the carbonate rock enclosed in the Iron .111
stock is a zenolith of limestone, however he concluded
(p. 42) that the alkalic magma responsible for the stock
originated through limestone syntexis. Olson and others
(1954) are unfavorable to the hypothesis with regard to
the origin of the complex at Mountain Pass, California.
Saether (1957, p. 140) writes, "If the peculiar character
of the magma of the Pen area is due to assimilation of
carbonates, these must have been situated in the deeper
parts of the lithosphere, beneath the granitic crust."
Since there are no sedimentary carbonate rocks situated
beneath the granitic crust, the carbonates which Saether
refers to would of necessity be juvenile.
The opinion of the geologists in Africa appears to
be almost unanimously against the hypothesis. Strauss and
Truter in their paper on the Spitzkop complex (1950, p. 115)
list twelve valid reasons why Shand's views on the complex
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(see above) are untenable. Garson and Campbell Smith
(19589 p. 116) are unfavorable to the idea at Chilwa
Island, as is Du Bole (1956) at Toror Hill, Uganda. Mocall
(1956) in discussing a number of carbonatites in the Kavi-
rondo Rift Valley, Kenya writes:
Limestone assimilation, as advanced by Daly, seems
untenable in the case of the Kavirondo Rift valley
carbonatites since the underlying Precambrian for.
mations are almost entirely devoid of calcareous
sediments.
Davies (1952) rejects the hypothesis at Mount Elgon, Uganda,
as does King (1949, p. 51) In the case of the Napak area in
Uganda, and so on.
One important fact to keep in mind in attempting to
evaluate the Daly-Shand hypothesis is that most of the
limestone "xenoliths" associated with alkaline rocks are
now recognized as intrusive carbonatites. This fact is not
in itself incompatible with the limestone syntexis hypo-
thesis, since the source of this carbonate material could
have been a limestone assimilated at depth by a magma which
then differentiated to produce a carbonatite residuum.
Br8gger favored this process for the genesis of the Fen
complex, and Pecora (1956) has not excluded the possibility
of resurgent carbon dioxide. However, as King and Sutherlnnd
(1960, p. 709) point out, "The highly distinctive assemblage
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of minor and trace constituents in the carbonatite, quite
unlike those of sedimentary limestones, appears to point
unequivocally to a Juvenile source." Since there are
valid reasons for doubting that carbonatites contain
resurgent carbon dioxide, it is in this writer's opinion
not legitimate to use them in support of the limestone
syntexis hypothesis.
Summary of the limestone syntexis hypothesis. The
hypothesis proposed fifty-two years ago by Daly remains
unproven as a general explanation for the origin of the
alkaline rocks, even though considerable attention has been
directed toward these rocks by petrologists. Proponents
of the hypothesis have stated that, for example, limestone
syntexis at Aln8 was an objective fact, and that the hypo.
thesis was proven correct in interpreting the alkaline
rocks at Spitskop, Magnet Cove, Ice River, and Loch Borolan.
Today many of these statements are seen to be exaggerated
and in some cases incorrect. It is the writer's opinion
that the hypothesis neither adequately explains the origin
of any one alkaline type on a worldwide basis, nor that of
alkaline rooks in general.
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Mode of Emplacement of Carbonatites
Introduction. As Pecora (1956) points out, the
four schools of thought on the mode of emplacement of
carbonatites can be summarized as: (1) gas transferists,
(2) hydrothermalists, (3) xenolithists, and (4) magmatistc.
Gaseous transfer. This hypothesis has been proposed
by those impressed with the evidence of explosive activity
at many African carbonatite centers. Wyllie and Tuttle
(1960, p. 42) write that their phase equilibria evidence,
"is strongly in favor of a true magmatic origin for carbon-
atites, and against any hypothesis of gas transfer."
Hydrothermal replacement. This mode of formation
was suggested by Bowen (1924, 1926) who found what he
considered to be evidence of hydrothermal replacement in
thin sections of rocks from the Pen area, It is apparent,
however, that Bowen was strongly influenced by the work of
Smyth and Adams (1923) who had found that calcite melted at
over 13000 0. Bowen (1926) wrote, "The problem was
approached with a certain amount of skepticism toward the
magmatic nature of rocks consisting solely of carbonates."
Today the work of Wyllie and Tuttle has made such
skepticism unnecessary. In addition, Saether (1957) in a
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detailed study of the Pen area reported that both primary
and secondary oarbonatite occurred there. The fact that
cone sheet and ring dike swarms displaying no evidence of
replacement of earlier minerals are found in some areas
has caused most writers to conclude that replacement, while
probably a frequent accessory of carbonatite formation, is
not the principal oarbonatiteftforming mechanism.
Xenolithic emplacement. The evidence for and against
this mode of emplacement has been summarized in the earlier
section dealing with the limestone syntexis hypothesis.
It is important, as Pecora emphasizes, to define to what
extent a limestone body can be mobilized and still remain
a xenolith. Most geologists do not believe that the cone
sheets at Aln8 and Chilwa Island, for example, can be
explained by mobilization of sedimentary carbonate rock.
However, in some areas the field features are so poorly
exposed that this mode of emplacement cannot be ruled out.
MaSgmaio orastallization. The experimental work of
Wyllie and Tuttle (1960) demonstrates that simplified
carbonatite magmas can exist at moderate pressures and at
temperatures of less than 7000 C. Other experimental evi-
dence in isotope geology and the evidence of exsolution
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phenomona omone the carbonate minerals indicate that
relatively high temperatures have occurred during thq
formation of carbantites.
The field evidence, however, is the most oonolusive.
James (1956) reports that the carbonatite bodies at Kerimasi
"illustrate the effusive phase of carbonatite activity."
Bailey (1960) describes the concordant intrusion of a sheet.
like body of carbonatite. Several authors have described
carbonate ash and agglomerate associated with African vol
oanos. Others report the occurrence of carbonatite ring
dikes, cone sheets, collar structures, ring and core
structures, flow structures, etc. King and Sutherland
(1960, p. 712) point out that the Chilwa series was the
first case in Africa in which the intrusive nature of the
carbonatites was recognized, and they write, "In all other
complexes it is now realized that the carbonatites are
largely if not entirely intrusive in character . .
=ie The field evidence clearly establishes the
intrusive nature of carbonatites. Experimental work vert-
fies the theoretical existence of carbonatite magmas. Most
workers conclude that the majority of carbonatites, while
in some cases partly altered by metasomatism, have crystal.
lized from a high-temperature magma or fluid.
-100-
Genetic Relations Between Mfestbers of the Complexes
VOID ao rocks. Only in Africa are large volumes
of volcanic rook found in association with carbonatites.
In the other areas of the world the level of erosion appears
to be such that the volcanic rocks have been removed,
leaving only the roots of the ancient voloanos. Most of
the volcanic rocks associated with carbonatites in Africa
have a nephelinitic composition, although the types repre-
sented there range from normal alkaline olivine-basalt,
phonolite and trachyte, to the ultramafic and melilite-
bearing potassic lavas of the Western Rift. King and
Sutherland (1960) point out that the composition of the
volcanic rooks contrasts with that of the carbonatites and
eyenites of the plutonic complexes, but strongly indicates
that a magma of nephelinitio composition was involved in
the genesis of the plutonic rocks. Other writers
(Campbell Smith, 1956, p. 208) have emphasised that the
ijolite suite is more frequently associated with carbon-
atites than are nepheline syenites. Since some members of
the idolite group, for example melteigite, are close to
nephelinite in composition, the contrast in composition
between the volcanic and plutonic rocks, excluding the
volatiles present in the plutonic rooks, may not be great.
-.101-
Igites, Fenitization has been described at many
alkaline complexes and is now a well established process.
In some 0nee, as at Aln (von Blokermann 1948), all the
silicate rooks of a complex have been attributed to
fenitization. This would require that the carbonatite
magma be the source of the fenitizing agencies. However,
fenitization has been recorded where a complex -consisted
of: (1) silicate rooks alone, (2) carbonatites alone, and
(3) both carbonatites and silicate rocks. Therefore the
source of fenitization is problematic. Most writers
believe that at least some of the silicate rocks in alka-
line complexes are primary and are not of metasomatic
origin.
Plutonic rooks. Most geologists who are familiar
with carbonatiteaalkaline rook complexes regard the carbon-
atites and at least some of the alkaline rocks as magmatic.
The problem then becomes one of determining the genetic
relations of these rooks. Three differing hypotheses have
been offered. These are:
1. Primary carbonatite magma (fluids, emanations, etc.)
is contaminated by reaction with deep-seated crustal
rooks* differentiation and (or) metasomatism gives
rise to alkaline and carbonatitic types.
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2. Primary alkaline or subalkaline magma assimilates
crustal carbonate rock according to the DaIly-Shand
hypothesis; subsequent differentiation leads to the
production of alkaline rocks and carbonatites.
3. A primary silicate magma rising from depth generates
both types by differentiation.
The problem of the genetic relations of the differ.
ent rock types can be seen to hinge on a more fundamental
question, the nature of the primary materials.
Nature of the Primary Materials
Source of 00. It has been convincingly demonstrated
that carbonatites are not zenoliths but are intrusive. How-
ever, this fact in itself does not preclude the possibility
that their 002 is resurgent (see p.95). King and Sutherland
(1960, p. 709) believe that the distinctive difference in
minor and trace constituents between carbonatites and lime.
stones "appears to point unequivocally to a juvenile
source." This seems to represent the opinion of the ma-
3ority of geologists in Africa. Both Saether (1957, p. 140)
and von Eckermann (1948, p. 151) conclude that the absence
of limestone from the Fen and Aln8 areas respectively
indicates that the 002 of these complexes is juvenile.
Although the possibility of resurgent 002 cannot be ruled
out in any particular complex, the weight of geological
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opinion appears to favor the conclusion that carbonatites
contain juvenile 002
Primary basat maga. Since most petrologists
accept the primacy of basalt magma, it is logical to ask
if this magma could give rise to the carbonatites and
associated alkaline rocks.
Williams (1959, p. 25) writing on the origin of
carbonatites and related alkaline rooks concludes, "The
first stage was the injection on a regional scale of normal
alkali basalt magma into sialic material." Similarly
Du Bois (1956) wrote that "The ultimate parental material
was basaltic."
King and Gutherland (1960) emphasized the importance
of a magma of nephelenite composition in the formation of
these rocks. They write (p. 717):
It is also apparent that derivation of an initial
nephelenite (melteigite) magma cannot be achieved by
a process of fractional crystallisation from basalt
magma, since separation of any early-formed crystals
would in most cases actually increase the silica con-
tent of the liquid. Nor is primary basalt a possible
source for the minor constituents which are so charao-
teristic of the alkaline suites.
However, the high concentration of minor and trace elements
in carbonatites and alkaline rocks would perhaps not be a
feature displayed by the ultimate source material of
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these rooks. Rather these elements could have become so
concentrated during the processes of formation of the
carbonatite and alkaline rooks. Even in the case of the
Rungwe voloanic rooks which are typical of alkaline
olivine-basalt provinces, Harkin (1959) believes simple
fractional crystallization of basalt magma to be inade-
quate.
Ultramaio Parentterial. Ultramafio rooks have
often been suggested to be the primary material from which
the carbonatites and related alkaline rooks have been
formed. Von Ekermann (1948) initially postulated a pre-
dominantly potassic carbonate melt as the source of the
AinS carbonatite, but did not discuss the origin of this
melt itself. In a later publication he wrote (1960, p. 18)
that "the original intrusion seems to have consisted of a
kimberlitic magma, rich in fluorine and carbonic acid but
comparatively poor in water . . . ." saether (1957, p. 148)
writes:
For an explanation of the genesis of the Pen area
I infer a kimberlitic parent magma originating in a
relatively deep level in the lithosphere. It carried
carbon dioxide, which likewise was derived from a
deep level.
Tomkeiefr (1961) proposed a primary hyperfusible-rich
peridotite magma as the source material of carbonatites
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and alkaline ultramafie rocks. Strauss and Truter (1950,
p. 121) suggest that a peridotite was the most likely
parent material of the Spitakop complex. Harkin (1959,
p. 166) writes that "there is increasing support for the
view that carbonatites and kimberlites have closely related
origins, and it is supposed that the ultimate source of
both may be in the earth's peridotite layer."
Davies (1952) proposed a hyperfusible--rioh pyroxenite
as the original magma which gave rise to the alkaline rocks
of Mount lgon, Uganda. James (1956) and King and
Sutherland (1960) emphasize the importance of a magma of
nephelinite (melteigite) composition in the genesis of the
Bast African alkaline rocks. Holmes (1950) has suggested
that the primary material leading to the formation of the
ultramafic rooks of the Western Rift was a pure carbonatite
fluid.
The theory that the oarbonatite--alkaline rock
association is derived from an ultramafic parent material
has received indirect support from the phase equilibria
studies of Yoder and Tilley (1961). These authors have
found that fractionation of a magma of peridotitio compoft
sition at high pressures can give rise to alkaline magmas,
while fractionation at lower pressures can lead to the
formation of tholeiitio magmas. This evidence is oona
sistent with the hypothesis that the oarbonatites and
associated alkaline rooks are derived at depth from a
peridotitio parent material.
Summary of Petrogenesis
Many petrologists reject the Daly-tShand limestone
syntexis hypothesis as a general explanation for the origin
of alkaline rocks. Workers on individual carbonatite-
alkaline rook complexes in Africa and Scandinavia nearly
unanimously agree that the carbonatites are intrusive,
magmatio, and contain juvenile 002.
The genetio relations between the members of these
complexes are not agreed upon, although most petrologists
believe that at least some of the silicate rocks are
magmatic rather than metasomatic. Several different rock
types have been suggested as the primary material leading
to the formation of the carbonatite-alkaline rook assooi-
ation. With a few exceptions, opinion appears to be
divided between normal alkaline olivine--basalt and a
carbonated (alkalic) peridotite as the parent material.
-106-
-10740
CHAPTER II
DEMYLOPMSNT 0P STRONTIUM ISOTOPE GEOLOGY AND ITS
APPLIOATION TO THE CARBONATITE PROBLNI
I. STRONTIUM ISOTOPE GEOLOGY
The=.~
Strontium possesses four naturally occurring stable
isotopes of mass 84, 86, 87', and 88. Sr 87 is also the
daughter of Rb87, which decays to it by beta minus emission
with a half-life of 47 ± 1 X 109 years (Flynn and Glendenin,
1959). The abundance of Sr87 has therefore increased
throughout geologic time. Faure (1960) has developed an
approximate equation expressing the abundance of Sr87 rela-
tive to the stable isotope Sr86 at any time t in a closed
system possessing a given (Rb/sr),g ratio and a given
initial abundance of Sr87. This equation is
(Sr 8 7/Sr 8 6 )t = (3r87/$r86 )0 + 0.04256 X (Rb/sr),t I t (1)
where t is expressed in units of 109 years. The equation
is more accurate for younger samples of "normal" isotopic
composition (Sr87/$r86 = 0.712). A maximum error of 3.4
per cent results. when t = 4.5 billion years.
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This equation contains four unknowns: (Sr87 /gr 8 6 )t,
(Sr87/Sr86)0. (Rb/Sr),ts and t. For a particular rook or
mineral, (sr87/sr86)t can be measured by mass spectrometry,
and (Rb/S)wt can be determined in several ways, the most
accurate being isotope dilution. If (Sr87/sr 86 )o can be
determined or estimated, equation (1) can be solved for t,
the time elapsed since the system become closed to rubidium
and strontium.
EryWork
The discussion of equation (1) makes it apparent
that a strontium method could be used to determine the ages
of rocks and minerals. It is in this connection that
interest in strontium isotope geology began.
Goldschmidt (1937) first proposed a strontium method
for measuring geologic ages. During the war and early
post-war years Goldsohmidt's suggestion was followed by
several investigators, among them L. H. Ahrens and his stum
dents at M.I.T. Continuation of this work during the decade
1950-1960 led to the publication of many geologic ages by
workers at the Department of Terrestrial Magnetism of the
Carneigie Institution of Washington, the M.I.T. Isotope
Geology Laboratory, the Lamont Geological Observatory, and
elewnhere.
-109-
Gast (1955) measured the abundance of Sr87 in a
number of different rock types and reported similar
measurements in 1960 and 1961. With the exception of this
work, all of the geologic interest in the abundance of Sr87
appears to have been directed toward the determination of
geologic ages.
Another use of the abundance of Sr87 is suggested
by equation (1). It can be seen that the Sr87/Sr86 ratio
in any system depends in part on the Rb/Sr ratio of that
system. In magmatic differentiation the alkali elements
tend to become separated from the calo-alkali elements and
enriched in the more silica-rich differentiates. Therefore,
the more silicic rocks in general possess higher Rb/Sr
ratios than more mafia rocks, and the silicio rocks will
in time have developed higher sr87/sr86 ratios. For this
reason rooks generated from older more silica-rich material
by anatexis or granitization would be expected to have
higher initial Sr87/Sr86 ratios than rocks formed by dif--
ferentiation of basalt magma. Holmes (1932) suggested an
analogous theory involving the decay of K41 to Ca'l.
Although it has since been shown that K4 0, not K41, is the
radioactive potassium isotope, the principle of Holmes'
-110-
suggestion remains true. In 1938 Holmes suggested that
the isotopes of lead could be used to correlate sillic
and subsilicio rocks in a given igneous complex because
all comagmatic rocks would have had the same initial iso-
topic composition of lead.
Paure (1961) has attempted to use Sr87 in an
analogous way to that which Eolmes had proposed for Ca41
and the isotopes of lead, that is in the sense of a geo
chemical tracer rather than a3 a method for determining
geologic ages. In particular he measured the Sr87/Sr86
ratio in recent oceanic and continental basaltic rocks in
order to lay the groundwork for comparing the abundance
of Sr87 in basaltic and sialic environments.
Summary of Faure's Work
Faure found that the Sr87/Sr86 ratio in 25 basalts
and related volcanic rooks was constant within narrow
limits, averaging 0.7078 * 2 Although the continental
basaltic rocks tended to have slightly higher Sr87/Sr86
ratios than the oceanic basalts, the difference was not
considered to be significant by Faure. He estimated the
sr 87 /Sr 86 ratio of the sialic crust to be approximately
0.725.
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Faure writes (1961, p. 21):
On the basis of this evidence the hypothesis is
advanced that the value of .the rnS/Sw o ratio of
igneous rocks, at the time of crystallisation, can be
used as a orittrion Cor the origin of the material.
The initial S n/Sr8o ratio of an igneous rook formed
by re-melting or granitization of the sialic crust is
expected to be measurably higher than that of an
igneous rook derived from the submcrustal source
regions of basalt magma.
The initial Sr87/Sr86 ratio of a complex of intru-
sive igneous rocks or of a series of lava flows of
different compositions is best determined from the
point of convergence of the whole-rook strontium
development lines. The convergence of the strontium
development lines can also be used to test for possible
cofmagmatio relationships between associated igneous
rooks. It is suggested that this method is partiou-m
larly applicable to the study of alkaline rocks,
pegmatites, lamprophyres and carbonatites.
The development lines referred to by Faure represent
the growth of radiogenic SrO7 in a particular sample. They
are plotted on a graph of Sr87/3r86 against time, and are
calculated from equation (1) and the measured Rb/Sr and
Sr87/Sr8 6 ratios. Convergence of whole-rock development
lines for a group of associated igneous rooks indicates
that the rooks are of the same age and had the same initial
Sr8T/Sr86 ratio. This in turn is evidence that the rocks
are comagmatic.
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II. APPLICATION OF Sr87/Sr86 RATIOS
TO THE OARDONATITE PROBLEM
It was found in the course of this thesis investi-
sation that the Rb/Sr ratios of rooks from carbonatite-
alkaline rock complexes are in general so low that the
sr87/sr86 ratios in these rooks have remained constant
with time. Therefore it was possible to measure initial
sr87/Sr86 ratios directly, rather than determining them
from the points of convergence of strontium development
lines. Unfortunately, this meant that it could not be
shown experimentally whether or not all the rocks of a
particular carbonatite--alkaline rock complex were of the
same age.
Before the 5r87/sr 8 6 ratios measured in carbona--
tites and related rocks could be correctly interpreted
two preliminary steps were necessary. First, since some
petrologists regard carbonatites as xenoliths of limestone,
it was necessary to obtain as much information as possible
concerning the sr87/Sr86 ratios in limestones. Second,
it was essential to determine experimentally whether or
not diffusion of Sr87 could alter the Sr87/Sr86 ratio of a
limestone xenolith enclosed in an alkaline magma. These
subjects will be discussed in more detail in Chapter V.
The Sr87/Sr86 ratios in carbonatites and related
rocks can be applied to the problem of their origin as
follows. faure (1961) found that the average Gr87/Sr 86
ratio in basalts was approximately 0.708. In Chapter V
it will be shown that in general the Sr87/Sr86 ratios in
limestones are higher than this value. If oarbonatites
are xenoliths of limestone, and if diffusion of Gr87 is
not significant in carbonate renoliths, then the Sr87/Sr86
ratios of carbonatites should be found to resemble those
of limestones. On the other hand if the carbonatites and
associated alkaline rocks are comagmatio, they should
possess identical Sr87/sr86 ratios. The rooks of the
carbonatitemalkaline rook association, if formed by dif--
ferentiation of basalt magma, should have Sr87/sr86 ratios
which resemble those of the basalts measured by Paure.
In addition, the spread in the Sr87/sr86 ratios among
carbonatites might give some Indication as to the homo-
geneity of the source material from which carbonatites are
derived.
In this thesis investigation Sr87/Sr86 ratios have
been measured in : (1) carbonatites alone, (2) carbon-
atites and alkaline rocks from Individual complexes, and
(3) in spatially related carbonatites, alkaline rooks,
and sedimenttry carbonate rocks. The analytical tech-
niques employed, the experimental results, and the
interpretation of these results will be discussed in
the following Ohapters.
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CHAPTER III
NLESUREMENT OF THE ISOTOPIC
COMPOSITION OP STRONTIUM
I. INTRODUCTION
The analytical techniques used in this investigation
have been developed over a period of several years by
workers in the M.I.T. Isotope Geology Laboratory, and have
been described most recently by Faure (1961), Hart (1960),
and Pinson (1960). Only minor modifications of these pro-
cedures were made in this work, principally because of the
unusually calciumarich rocks being analysed. In this
chapter these analytical techniques will be summarized and
the errors, accuracy, and reproducibility of the procedure
discussed.
II. CHWEIOAL PROCEDURES
The rooks analyzed in this study can be divided into
two groups, one composed predominantly of carbonates, and
one made up chiefly of silicates. Different analytical
procedures were adopted for each.
The carbonate samples were ground in a steel per-
oussion mortar and sieved to pass 40 mesh. Both mortar and
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sieve were pre-contaminated with the sample, and special
care was taken when sedimentary carbonate rooks were
ground in the same group as the strontium-rich oarbon.
atites. The powdered carbonate sample was homogenized by
rolling it thoroughly in its glass storage bottle or on a
sheet of paper. About 0.5-1.0 gram of the sample was
placed in a 150 mil pyrex beaker, and approximately 15 ml
of 2N vycor distilled H01 were added. After the solution
had stood for several minutes it was filtered to remove
all insoluble material. A few milliliters of a solution
of Sr85 in vycor distilled T101 was then added. Sr85 is a
gamma emitter and was used as a tracer for strontium. The
preparation of this tracer has been discussed by Faure
(1961, pp. 148-149). At this point the solution was ready
for the separation of strontium.
The silicate samples were ground either in a pre-
contaminated steel percussion mortar or in a Pica Blender
Mill (Pitchford Scientific Instruments Corporation). Those
ground in a mortar were sieved to pass 40 mesh.
Many of the silicate rocks analyzed were extremely
rich in calcium. Some of them, for example uncompahgrite,
alnuite, and okaite, are among the most calcium-rich and
silica-poor silicate rocks known. The dissolution of these
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samples was initially carried out using the standard HP
and H2SO4 procedure. It was found, however, that sizable
amounts of an insoluble residue, probably 0aS04, remained.
Even though the presence of this residue might not have
affected the analysis, the following technique which gave
a more complete solution was adopted.
The powdered silicate sample was homogenized by
rolling it on a sheet of paper. About 0.5-1.0 gram of the
sample was put in a platinum crucible and 25 al of HP and
10 ml of H0104 were added. This mixture was placed on a
hot plate and evaporated to dryness over a period of two
to three hours. Silica was driven off as SiP4; the cations
which remained formed soluble perchlorates. In a few cases
it was necessary to stir the solution with a clean teflon
stirring rod; however, gentle agitation usually sufficed to
promote the dissolution. When the solution had evaporated
to dryness it was removed from the hot plate and allowed to
cool. A few milliliters of a solution of sr85 in vycor
distilled H01 were then added. An amount of 01 sufficient
to bring the volume up to approximately 20 ml was then
added and the solution returned to the hot plate. After
the mixture had been warmed for a few minutes complete or
nearly complete dissolution was obtained. When the
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solution had evaporated to a volume of 10-15 ml it was
removed from the hot plate and allowed to cool overnight.
The alkali perchlorates and insoluble chlorides which
precipitated were subsequently removed by filtering. Both
the residue and filtrate were checked for the presence of
strontium by monitoring with a scintillation counter for
the gamma activity of the Sr85 previously added. In every
case it was found that the strontium remained in the fil--
tate rather than in the residue. At this point the solu--
tion was ready for the separation of strontium.
Strontium was separated from the other elements by
a cation exchange procedure using Dowex 5W-X8 resin,
200-400 mesh, and 2N vycor distilled H01 as an eluant.
The resin was cleaned by duplicate washings with approxi-
mately 100 ml of 6N H01, and conditioned by duplicate
washings with approximately 100 ml of 2N H01.
The top of the column was leveled and the solution
carefully placed in the column with a pipette. The order
in which the alkaline earths and alkali elements are eluted
is Li, Na, K, Rb, Ca, and Sr (Cormier, 1952). since some
of the rocks analyzed contained over 50 per cent CaO Pr-
tioular care was taken to ensure separation of strontium
from calcium. The presence of calcium does not in itself
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affect the 3re8 /Sr86 ratio, but it does produce a bulkier
sample which can affect the emission of strontium and the
fractionation of strontium ions. In most cases the
carbonate rocks and calcium-arich silicate rocks were put
through the ion exchange column twice.
The progress of strontium on the column was moni--
tored with the Sr85 tracer. The fraction of the eluant
containing the strontium was collected in 2 to 4 pyrex
beakers. The presence of a significant amount of calcium
could be detected by the appearance of moisture on the
bottom of the beakers. This moisture was caused by hydro-.
scopiO CaC12e The beakers which contained this moisture
were rejected, and this technique, combined with duplicate
ion exchange separation, is believed to have given nearly
pure strontium samples. The 3rC12 samples were dissolved
in 5-10 ml of vycor distilled 1:1 HNO3 and stored in one-
ounce polyethylene bottles.
Samples were prepared for the mass spectrometer by
evaporating to dryness in a clean vycor dish the HNO3
solution containing the strontium. The evaporate was
allowed to cool and dissolved in one or two drops of 1:1
HNO3 . This solution was picked up in a clean capillary
tube held by a syringe, and carefully deposited in the
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center of a rubidium and strontlum-free tantalum filament
in the source of the mass spectrometer. Passage of a
small current through the filament caused the solution to
evaporate as it was applied. After a sufficient amount
of sample had been placed on the filament, the current was
raised rapidly to bring the filament to red heat, and then
returned to zero. This process drove off a great deal of
gas which if released in the mass spectrometer would have
caused an undesirable increase in pressure. The source
was then reassembled and placed in the tube of the mass
spectrometer.
It should be pointed out that this procedure for
mounting samples differs from that used by previous
workers in the M.I.T. Isotope Geology Laboratory, who
mounted strontium isotope ratio samples as strontium oxa-
late. The nitrate method used in this work has the
following advantages over the oxalate method: (1) the
strontium nitrate samples very seldom fall off the fila-
ment as happens more frequently with strontium oxalate
samples, (2) the strontium nitrate samples appear to
behave more consistently in the mass spectrometer than
do strontium oxalate samples and, (3) the strontium
nitrate method is simpler sinoe with this teobnique it is
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unnecessary to obtain a precipitate. The disadvantages
of the nitrate method are: (1) the liquid sample has a
tendency to run to the sides of the filament an4 contami-
nate the source posts, (2) the use of nitric acid reduces
the lifetime of the filament, and (3) the strontium nitrate
samples are more difficult to clean from the filament. The
first of these disadvantages can be eliminated by using
caution and a very fine capillary tube, and the second and
third by applying only very small amounts of the solution to
the filament.
III. MASS SPECTROMITRY
The instrument used in this investigation was the
same as that used by Faure (1961). It is a 6 inch, 600
sector, solid source# single collector mass spectrometer
which was built at M.I.T. The instrument uses a magnet
current sweep, and the ion current is amplified by means
of a vibrating read electrometer (Model 30, Applied Physics
Corporation, Pasadena, California). The filament upon which
the samples were mounted was a tantalum ribbon (Pansteel
iletallurgical Corporation, North Chicago, Illinois),
0.001" X 0.030", spot welded to posts in the source. Oper-
ating pressures of less than 5 X 10-6 mm of Hg were obtained
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by means of a mercury diffusion pump which used a cold trap
cooled with liquid nitrogen (H. S. Martin 0o., Evanston,
Illinois). This diffusion pump was coupled to a fore-pump
(Duo-Seal Pumps, V. M. Welch Scientific Co., Chicago).
Peaks were recorded on a Brown Eleotrio Strip Chart Recorder
(Brown Instrument Co., Philadelphia).
After the sample had been mounted the source was
inserted into. the mass spectrometer tube and bolted. A
tight seal was maintained by use of a teflon gasket. A
properly placed teflon gasket lasted for several weeks,
gave a good seal, and eliminated any possible strain on
the mass spectrometer tube from rigorous tightening of the
bolts. The tube was then evacuated and the pressure
measured by an ion gauge (Type DPA 38 Consolidated Electro-
dynamics Co., Pasadena). When a pressure of less than
2 X 10-05 mm Hg was reached...usually in one hour--the
filament current was turned on and slowly raised to a temper.
ature Just below that at which strontium emission begins.
The sample was conditioned at this temperature for one-half
to two hours. This eliminated rubidium from the sample,
resulted in more stable strontium emission, and gave a
lower operating vacuum. When the pressure had reached about
2 X 1066 mm Hg the filament current was raised slowly to a
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point at which strontium ion emission began to gradually
increase. When peak heights were large enough to be in
the range of the 30 millivolt scale (Sr86 and Sr8T) and
the 300 millivolt scale (SOr) of the V.R.3., over 70
consecutive scans were recorded. In some instances runs
were made using the 10 millivolt scale (Sr 86 and Sr87 ) and
100 millivolt scale (3r8 8 ) which are more sensitive to
electronic noise. However, runs on the SrC0 3 standard
(see P.132) were made on both scale settings and no differm
once was observed in either the resulting Sr87/Sr86 ratios
or in the instrumental precision error of these runs.
The resolution of the mass spectrometer was found
to be adequate at pressures of less than 5 X 10-6 mm Hg.
However, at pressures only slightly higher than this,
broadening of the ion beam due to collision with gas mole-
cules caused a slight overlap of the peaks. This was
particularly noticeable in the overlap of the tall Sr8 S
peak onto the OrS peak, which caused the measured
Sr87/Sr86 ratio to be too high. In this work recording
of the peaks was begun when the pressure had dropped below
5 X 10-6 mm Hg, and most of the scans in a run were re-
corded at pressures below 3 X 10-6 mm Hg.
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After completion of the run the filament was cleaned
by raising the current to a maximum (3.0..8 amperes). If
a small amount of sample had been properly placed on the
filament all the strontium was removed in about 15 minutes.
However, if a large amount of sample had been used or if
the solution had spread across the filament, cleaning could
take from one to twelve hours. The filament was chooked
for the presence of strontium by scanning in the strontium
mass range, and was considered clean when no peaks were
observed on the 10 millivolt scale at a current higher than
that to be employed during the run. As many as seven con.
secutive runs could be made on a single filament in this
way if care was taken in the mounting procedure. Although
very few isotope dilution runs were made, it was found that
it was safe to interspace isotope ratio and isotope dilution
runs.
After the run had been completed the chart was anaw
lyzed as follows. Baselines were drawn with a No. 4 pencil
or a fine ball-point pen, and peak heights were measured to
the nearest 0.01 inch using an engineering ruler. These
peak heights were summed in sets of six and isotopic ratios
were calculated from the ratios obtained on each set. For
each analysis an instrumental precision error in the form
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of the standard deviation of the mean Sr8T/Sr86 ratio was
calculated from the isotopic ratios obtained on each set.
This instrumental precision error was used to judge the
quality of the particular run for which it was oalculated.
IV. DISCUSSION OF RRORS
Introduction
The errors involved in solide-source mass spectrometry
have been discussed in detail by Faure (1961, pp. 174h'184),
and his treatment will be closely followed herein.
It is important in a discussion of errors to sepao
rate the truly random errors that affect the reproducibility
(precision) of the measurements from the systematic errors
which affect the accuracy. The random errors in mass
spectrometry cannot be predicted with certainty, and in this
work the reproducibility was determined by calculating the
standard deviation of a single analysis from the results of
a number of analyses of the same sample. The standard devi-
ation, o- = , of a number of analyses whose mean is
M, implies that an additional measurement of the same
quantity has a 68 per cent probability of falling inside the
band M t ac .
The absolute accuracy of a series of analyses is
the algebraic sum of all the systematic errors affecting
the series. Since it is impossible to evaluate these
errors quantitatively and because the true value of the
quantity to be measured is usually not known, it is
customary in analytical work to analyze an inter--laboratory
standard. This at least insures consistency between dif-
ferent laboratories and allows their results to be com-
pared. The standard used in this work is a Sr003 produced
by Eimer and Amend Chemicals and previously analyzed by
Paure (1961), Aldrich and others (1953), and Herzog (1952).
Reproducibility
The reproducibility or precision error of a measure-
ment of the Sr 8 7/Sr 8 6 ratio is the sum of the random errors
involved. Some of these errors may be systematic for an
individual analysis, but random for a series of analyses,
and are therefore included with the truly random errors.
Paure (1961, p. 176) lists the random errors
involved in solid-source mass spectrometry:
1. Contamination of the sample with variable amounts
of "normal" or "spike" strontium during chemical, pro-
cessing or mass spectrometric analysis.
2. Variable effects of fractionation of isotopes
during evaporation from the filament, ionization,
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acceleration, deflection by the magnetic analyser and
collection of ions.
3. Fluotuations in the rate of emission of ions
from the filament caused by inadequate temperature
control of the hot filament, changes in the re-
sistance of the filament, excessive bulk or near-
exhaustion of the sample and other reasons.
4. High frequency electronic noise as well as in-
strumental drift due to temperature changes, inter-
ference from the operation of other electronic
equipment, etc.
5. Lack of sufficient resolution of peaks due to
broadening of the ion beam as a result of collisions
of ions with gas atoms in the mass spectrometer tube.
The resolution is also affected when the ions are not
mono-energetic because of improper alignment of the
filament, the sample and the slit of the accelerating
plate.
6. Instability of the magnetic field and of the
accelerating voltage. Low frequency noise in the
strength of the magnetic field results in corre-
sponding instability of peak heights. Variations in
the accelerating voltage affect the spacing of peaks
but may also affect the peak height if such changes
occur just before the recorder reaches the top of a
peak.
7. Uncertainties in drawing baselines and measuring
peak heights with a ruler.
Among these errors contamination, isotopic fraction-
ation, and poor resolution may be systematic for a given
analysis but will be random for a series of analyses.
In order to offset the contribution of isotopic
fractionation to the random errors, an isotopic fraction-
ation correction was applied. In making this correction
it was assumed that the Sr86/Sr88 ratio is a constant in
nature and is equal to 0.1194. Any deviation from this
figure was attributed to the effects of isotopic fraction-
ation. Only one-half of the correction needed to adjust
the measured Sr86/Gr88 ratio to 0.1194 was applied to the
Sr87/Sr86 ratio since masses 86 and 87 differ by an amount
only half that by which 86 and 88 differ.
As an example, suppose that the measured ratios
were Sr86/sr88 = 0.1200 and Sr87/Sr86 = 0.7120. Then,
(Sr87/Sr86)oorr = 0.712 X 2 0.7138
While the precise nature of this isotopic fraction.
ation in the mass spectrometer is not understood, the
correction shown above is justified by the resultant Im-
provement in the precision of the data and by the fact that
the mean of several analyses is not greatly changed. This
is illustrated by the analyses of the Rocky Boy carbonatite,
Montana (Table 3.1); the Oka carbonatite, Quebec (Table 3.2);
and the Bimer and Amend SrC03 (Table 3.3).
The data in Table 3.1 and Table 3.2 show that the
reproducibility of the Sr87/Sr86 ratio, expressed as c ,
the standard deviation of a single analysis, is improved
by more than a factor of two in these cases by the
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Table 3.1
Date
Isotopio Composition of Strontium in the Rocky Boy
Carbonatite, Bearpaw Mnte., Montana (04314)
S46
S (%37orr
No. of
Scans Qual.
6/24/61 .1186 .7117 .7093 90 good
7/27/61 .1193 .7079 .7076 84 good
12/5/61 .1185 .7118 .7091 92 good
iverage .1188 0.7105 0.7087
V +0.00026 g0.0013 ±0.00054
E ~0'.22% 0.18% 0.076%
a +0.00044 +0.0022 ±0.00093
E ~0.37, ~0.31% 0.13%
Table 3.2 Isotopic Composition of Strontium In the Oka
Carbonatite, Quebec
Sample ( k8) No. of
Number Date Sr s corr scans Qual*
03252* 12/18/60 .1201 .7046 .7067 84 good
03252* 1/6/61 .1191 .7067 .7057 90 good
04584 10/18/61 .1194 .7062 .7062 84 good
Average 0.1195 0.7058 0.7062
±0.000300.25%
+0.00052
70.43%
±0.000640.091%
±0.0011
0.16%
±0.00029
0.0415
+0.00050
0. 071%
*Analysis reported by Faure (1961, p. 243).
Cr= 2 2/n-l , = frd2/n(n) , E =x 100 , = x 100.
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fractionation correction. In these measurements a reproQ
ducibility of les then ± 0.001 has been obtained for the
corrected 3r87/88 6 ratio. In analysis number 2 of Table
3.1 the correction causes the resultant Sr87/sr86 ratio
to move away from the mean. It is concluded that the
fractionation correction is statistically justified even
though it may not improve the answer of a given single
analysis.
In both Tables 3.1 and 3.2 the reproducibility of
the Sr8 6/Sr 88 ratio is larger than that of the Sr87/Sr86
ratio. This supports the assumption that the Sr86/Sr88
ratio is subject to greater variation than the Sr87/Sr86
ratio.
The quality of a run was judged principally by means
of the instrumental precision error which was calculated
as described in the preceding section. This error is not
identical with the reproducibility of the run but only
expresses the extent of the variation of the truly random
errors affecting that run. Other criteria used to judge
quality were the number of scans obtained, the stability
of strontium ion emission, the pressure during the run, and
evidence of excessive fractionation. In general a run
giving an instrumental error of 0.08 per cent or less was
judged to be of "good" quality, While runs with errors
between 0.08 per cent and 0.2 per cent were judged "good",
"fair", or "poor" on the basis of the other criteria
discussed above. Any run having an error greater than
0.2 per cent was discarded and the run repeated. An
evaluation of the usefulness of this procedure for judging
the quality of runs is given on p. 139.
Accuraor
It is difficult to evaluate the absolute accuracy
of isotope ratio measurements. The best solution is to
analyse an inter-laboratory standard for the purpose of
demonstrating consistency with other laboratories. The
standard used in this work was a SrO03 reagent produced
by Eimer and Amend Chemicals (lot 492327), It was ana--
lyaed periodically throughout this thesis investigation*
The results of these analyses are given in Table
3.3. Analyses number 1 through 9 were made by ?aura (1961)
and reported therein. They are included here to give a
more complete record of the analytical results for this
standard. Analyses number 10 through 18 were made by the
present author; analysis number 19 was made by D. .Brookins.
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Table 3.3 The Isotopic Composition of Strontium in Eimer
and Amend Chemicals Sr003 Reagent, Lot 492327.
No. Date Sr86/Sr88 (GWOT/Sr86ao:r
1 5/3/60 .1200 .7098 .7116 good
2 5/15/60 .1195 .7114 .7117 good
3 6/360 .1193 .7133 .7130 good
4 7/20/60 .1192 .7133 .7127 good
5 8/21/60 .1191 .7136 .7127 good
6 10/760 .1190 .7128 .7116 good
7 1 60 .1191 .7111 .7102 fair
8 2/3/1 .1192 .7083 .7077 good
9 2/27/61 .1200 .7093 .7123 good
Average of 0.1194 0.7114 0.7115
1st 9
±0.00016 ±0.00064 ±0.00055
o 0.134% 0.090% 0.077%
1 ±0.00045 ±0.0018 ±0.0016
E 0.38% 0.25% 0.22%
10 9/10/61 .1200 .7125 .7143 fair
11 / 1 .1194 .7090 .7090 good
12 9/15 1 .1192 .7136 .7130 fair
13 9/1 1 .1189 .7126 .7111 fair
14 9 .61 1 92 .7129 .7123 good
15 1 61 .1204 .7083 .7111 good
16 12/17/61 .1192 .7136 .7130 good
17 lt/62 .1193 .7091 .7088 good
18 2 .1188 .7112 .7094 good
19 2/11/62 .1194 .7117 .7117 good
Average of
19 anases
0.11938
±0.000098
0.082%
±0.00043
0.71144
±0.00044
0.062"'
±0.0019
0.36% 0.27%
0.71143
±0.00039
0.055%
±0.0017
0.24%
Qual.
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Some additional work was done on another strontium
reagent in conjunction with other workers in the M.I.T.
Isotope Geology Laboratory. The results of the determi-
nation of the Sr87/Sr86 ratio, in this reagent on three mass
spectrometers are reported in Ohapter XII.
Faure (1961. p. 181) noted that analysis number 8
differed from the mean of his 9 analyses by 2.4or. The
probability of occurrence of this or a lower value in a
normal population with a mean of 0.7115 and a standard
deviation of 0.0016 was found to be 0.8 per cent. Since
the rosult of this analysis was therefore well outside the
customary 95 per cent confidence limits it was rejected by
Faure. Analysis number 8 differs from the overall mean of
the 19 analyses by 2.18 a . The probability that this or
a lower value would occur in a normal population having a
mean of 0.7114 and a standard deviation of 0.0017 is
1.46 per cent (Hodgman, 1957, p. 238). The result of this
analysis is once again clearly outside the 95 per cent con-
fidence limits and it is therefore rejected. The ratios
obtained by discarding analysis number 8 are:
a a
Sr 8 6 /sr 8 8  = 0.11939 ± 0.00010 ± 0.00044
Sr 87/3r86  = 0,71162 + 0.00043 ± 0.0018
(Sr 8 T/Sr 8 6 )corr - 0.71164 ± 0.00036 t'0.0015
The values obtained by rejecting analysis number 8
are nearly identical to those found by retaining it. The
value of 0.7116 . 0.00036 is accepted as the best estimate
of the Sr87/Sr 8 6 ratio in this strontium reagent.
It is observed that the value reported for o In
Table 3.3 is somewhat higher than those reported in Tables
3.1 and 3.2 for samples of carbonatite. This is unexpected,
since the strontium standard undergoes very little chemical
treatment and should be less susceptible to random errors
than samples. In the course of this Investigation and in
the data reported by other investigators more evidence has
been found which indicates that the measurement of the
sr87/sr86 ratio in samples is more precise than in the
strontium standard. The data which support this conclusion
are summarised In Table 3.4.
A value of a = 0.0012 is obtained from the analyses
of 25 basalts and of 21 carbonatites. In both cases some
of the samples are known to have ratios which are Slightly
different from others in the group. Thus, even when a large
number of samples with similar but slightly different
sr 87/sr86 ratios are analyzed the value obtained for o- is
less than that reported for the strontium standard. In
only one case in Table 3.4 is a higher than 0.0015, and
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Material
Elmer and Amen
04814
03252, C4584
Four rocks fro
Oka complex
Five rocks from
Magnet Cove complex
Three rocks from
Rocky Boy stock
Grenville marble
Madison limestone
Carbonatites
Basalts
R1292
T3990
Table 3.4 Precision of Strontium Isotopic Ratio Analyses
No. of
Precision* Anajlseg Reference Remarks
d SrC03  10.0015 18 This work
10.0009 3 This work See Table
±0.0005 3 This work See Table
m +0.0007 4 This work Four diffe
+0.0006
+0.0012
±0.0014
±0.0018
±0.0012
O0.0012
10.0006
o+0.0010
5 This work
3 This work
3
3
21
25
5
3
This work
This work
This work
Faure, 1961
Faure 1961
Schnetzler and
Pinson, 1961
T3987 ±0.0007 3 do.
*Precision expressed as the standard deviation of a
(3r 8 7/Sr 8 6 )corr.
3.1
3.2
rent
Sr-rich rocks
Five different
Sr-rich rocks
Three different
Sr-rich rocks
All ratios not identical
All ratios not identical
Olivine basalt
Tektite
Tektite
single analysis (a) for
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in several cases where a triplicate analysis was carried
out it is less than 0.0010. In two cases where four and
five different rook types from the same igneous complex
were analyzed d' again was less than 0.0010. This writer
concludes that the reproducibility of measurement of the
3r87/3r86 ratios in samples is lower than that in the
strontium standard. Therefore a figure of + 0.0015 is
a somewhat conservative estimate of the actual repro-
ducibility in this work.
It is important to keep in mind that one run
reported in Table 3.3 and judged to be of "good" quality
differed from the mean by 2.18 o and was therefore rem
jected. This demonstrates that a run judged to be of
"good" quality may actually be of very poor quality
indeed. It is concluded that although a figure of
± 0.0015 is a conservative estimate of the actual repro**
ducibility, a single run may not show this precision and
cannot be accepted with confidence unless it forms part
of a series of measurements on similar samples with which
its Sr87/r86 ratio can be compared.
For 9 analyses of the strontium standard Faure
obtained (sr87/Sr86 )corr = 0.7115 t 0.0016 (a ), while all
19 analyses give (Sr87/3r86 )corr = 0.7114 ± 0.0017 (O-).
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Those two figures and their standard deviations are
statistically identical. This indicates that : (1) oper-
ator bias has not been an important factor in this invest-
igation, (2) the characteristics of the instrument used
have remained the same for a period of nearly two years,
and (3) the analyses reported in this work can be directly
compared to those made by Faure (1961).
The data presented in Table 3.3 show once more that
the Sr86/Sr88 ratio is subject to greater variation than
the Sr87/Sr86 ratio. The fractionation correction has
again improved the precision of the results without changing
the value of the mean. The Sr86/Sr88 ratio is found to
equal 0.1194 t 0.00010, which justifies the assumption upon
which the fractionation correction is based.
The results of the measurements reported in Table
3.3 agree closely with those of other investigators for
similar strontium reagents. These data are summarized in
Table 3.5.
The results obtained for the Sr003 reagent in this
investigation are in close agreement with those reported
by workers in other laboratories. This does not reflect
the absolute accuracy of the technique, but does demonstrate
a high degree of inter-alaboratory consistency.
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Table 3.5 Isotopic Composition of Strontium in Elmer and
Amend Chemicals Strontium Reagents.
Ath92 Sr8 6/Sr 88  Sr8 7/sr86 Rexarks
Nier .1194 .712 Sr metal, 99% pure.(1938. p.277) ± .0012 ± .007
Aldrich and .1195 .711 SrC03. Average of
others ± .0003 ± .004 6 analyses.
(1953. p.458)
Herzog .1196 .712 Sr003# lot 492327.
(1952, p.89) Average of 5
analyses.
This work, .1194 .7116 SrC03, lot 492327.
+ .0001 ± .00036 Average of 18
analyses in 21 mos.
Errors are the standard deviation of the mean.
Conclusions
The following conclusions can be made on the basis
of the data presented in this chapter:
1. The results obtained by this author on the Eimer and
Amend Chemicals SrO03, lot 492327, are nearly identim
cal to those obtained by Faure (1961). This Indi-
cates that operator bias has not been an important
factor and that the instrument used by both Faure
and this author has not changed its characteristics.
These facts allow the results obtained in this
investigation to be compared directly with those
reported by Faure.
2. Comparison of the results of analyses of strontium
reagents obtained in the M.I.T. Isotope Geology
Laboratory with those of other laboratories demon--
strates a high degree of inter-laboratory con-
sistency.
3. A fractionation correction based on the assumption
that the Sr86/Sr88 ratio is equal to 0.1194 improves
the reproducibility of the SrB7/Sr86 ratio without
changing its mean.
4. The magnitude of the instrumental precision error
of a single analysis may in some cases reflect the
accuracy of that analysis. In one instance, however
(Table 3.3, No. 8), the result of an analysis judged
to be of "good" quality differed from the mean of
19 analyses by 2.18 . In other examples (Table 3.3,
Nos. 11 and 17) the results of analyses also judged
to be of "good" quality differed from the mean by
1.40 and 1.56 , respectively. These facts show that
the magnitude of the instrumental precision error of
an analysis does not consistently reflect the accu.
racy of that analysis. Although runs designated as
of poor" quality are believed to be consistantly
less accurate than those of "good" quality, the con-
verse is not true. These results also show that a
single measurement cannot be accepted with confi-
dence unless it forms a part of a series of measure--
ments of similar samples to which it can be compared.
5, The reproducibility of measurement of the $r87/Sr86
ratio, expressed as the standard deviation of a
single analysis and calculated from 18 analyses of
the Sr0 standard, is 0.0015. This figure is higher
than that calculated from replicate measurements of
samples, and it is therefore concluded that the value
0.0015 is a conservative estimate of the reproduci--
bility.
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CHAPTER IV
RUBIDIUM AND STRONTIUM ANALYSES
I. INTRODUCTION
Although most of the analytical work performed in
this investigation involved the measurement of strontium
isotope ratios, the concentrations of rubidium and strontium
were also determined in some samples. These analyses were
carried out by the method of isotope dilution, wherein a
measured amount of a "spike" solution is added to a measured
amount of sample. The spike solution is enriched in one of
the less abundant isotopes of the element. By measuring
the change in the isotopic composition of the sample proft
duced by the spike addition, the concentration of the
element in question can be accurately determined.
Webster (1960) has discussed the theory of mass
spectrometric isotope dilution analysis. A detailed
description of this technique as it has been performed in
the M.I.T. Isotope Geology Laboratory is given by Faure
(1961, pp. 145-165). The procedure adopted in this investi-
gation differed slightly from that used by Faure, and it
will therefore be briefly described.
II. ANALYTICAL TECHNIQUES
The chemical procedures used in the isotope dilution
method are similar to those described in Chapter III. Prior
to chemical dissolution, the sample was analyzed semiquanti-M
tatively for rubidium and strontium by x-ray spectrometry.
For isotope dilution analysis a measured amount, usually
O.5-'2.0 grams, of the powdered sample was placed in a clean
platinum crucible and a measured volume of rubidium spike
and strontium spike added. The amounts of the spike
solutions added were determined from the results of the
x-ray spectrometric analysis. Twenty-five ml of HF and
10 ml of H0104 were then added and the solution evaporated
until perchloric acid fuming ceased. The crucible was
cooled and approximately 15-20 ml of 2N vycor distilled H01
and a few milliliters of strontium tracer added. The
solution was returned to the hot plate and warmed until
complete dissolution was attained, and then 1 or 2 drops
of HC1104 were added. The solution was allowed to evaporate
until alkali perchlorate crystals began to form, at which
point it was removed from the hot plate, cooled, and the
supernatant liquid decanted off. The crystals were washed
with demineralized H20 and stored prior to their analysis
in the mass spectrometer. The supernatant solution was
evaporated to dryness, cooled, and dissolved in 2N HCl,
After standing overnight it was filtered, and the filtrate
put through an ion exchange column used only for isotope
dilution. At this point the sample was ready for mass
spectrometric analysis.
For rubidium analyses the perchlorate crystals were
dissolved in a few milliliters of 1:1 HN3, and a drop of
this solution was placed on the filament in the mass
spectrometer source. The strontium samples were mounted
in exactly the same way as those for which isotope ratios
were measured. Usually 42 to 60 scans were recorded in
the mass spectrometer.
The Rb85/Rb87 and Sr86/Sr88 ratios were calculated
from the charts and inserted into the proper formulae
together with the weight of sample used and the amount of
spike added. These formulae were solved to give the con
centrations of rubidium and strontium in parts per million.
A description of the calibration of the spike solutions and
the derivation of the isotope dilution formulae is given
by Faure (1961),
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III. PRECISION OF RUBIDIUM AND STRONTIUM ANALYSES
Introduction
The reproducibility of the isotope dilution method
was not independently determined in this work since the
technique and instrumentation used were approximately the
same as those used by Faure (1961), who determined repro-
ducibility by triplicate analyses of several samples. One
of the samples which Faure analyzed in triplicate was also
analyzed for rubidium and strontium in this investigation.
Several "blank" runs were made to determine the magnitude
of the blank correction.
Rubidium and Strontium Blanks
The blanks were prepared by mixing known amounts of
rubidium and strontium spikes in a platinum crucible and
subjecting this mixture to exactly the same procedure as
that used for samples. Similar quantities of reagents
were added, the strontium was separated on an ion exchange
column, and the isotopic composition of the "blanks" was
determined on the mass spectrometer. The calculations of
the amount of each element present in the blanks were made
assuming normal isotopic compositions. The results of
these blank determinations are given in Table 4.1.
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Table 4.1 Rubidium and Strontium Blank Determinations
Date Rb pgm Sr Igm
Sept. 1961 0.272
Oct. 1961 0.013 0.243
Average 0.013 0.258
Faure (1961, p. 161) reported an average for four
blank determinations of Rb = 0.0675 pgm, and Sr = 0.249 Pgn.
The strontium blank correction found in the present work
is almost identical to that found by Faure. The lower
rubidium blank concentration reported in Table 4.1 may be
due to the fact that Faure used an HF and H2SO4 decompo--
sition technique and separated rubidium on an ion exchange
column. These results appear to indicate that separation
of rubidium by precipitation of alkali perchlorates rather
than by an ion exchange technique lowers the rubidium
blank correction significantly.
nlysis of an Olivine Basalt
Faure (1961, p. 162) reports the results of a
triplicate analysis of an olivine basalt (R 1292) from
Kilauea, Hawaii. The present author made a single determif-
nation of rubidium and strontium in this rock. The results
of these measurements are given in Table 4.2.
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Table 4.2 Analysis of Rb and Sr in an Olivine Basalt (R1292)
Analyst Number of Rb ppm Sr ppm
Analyses
Faure 3 9.7 ± 0.11 398.6 + 2.0
This author 1 10.14 396.6
Faure found from triplicate analyses of three other
samples that a conservative estimate of the precision error
of a single analysis is ± 2 per cent for both rubidium and
strontium if Rb>10 ppm and 0r>150 ppm, The results
obtained for the olivine basalt in this investigation are
within ± 2 per cent of those determined by Faure.
0sions
The blank corrections as determined are Rb = 0.013P&g
and Sr = 0.258 ggm. The results appear to indicate that
separation of rubidium by perchlorate precipitation rather
than ion exchange chromatography lowers the rubidium blank
correction significantly. Even though samples containing
from 0.l-3.0 per cent strontium by weight were frequently
analyzed in this investigation, the strontium blank cor-.
rection remained almost identical to that found by Faure
who analyzed samples containing approximately 300 ppm
strontium,
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An analysis of an olivine basalt demonstrates con-
sistency between the work of the present author and that
of Faure. Consequently Faure's conclusion that a con--
servative estimate of the reproducibility of a single
analysis is ± 2 per cent for both rubidium and strontium
whore Rb >10 ppm and Sr> 150 ppm is adopted in this
investigation.
OHAPTER V
THE ISOTOPIC COMPOSITION OF STRONTIU1 IN SEDIMENTARY
CARBONATE ROCKS AND IN A LIMESTONE XENOLITH
I. INTRODUCTION
Two preliminary steps were necessary before the
Sr87/Sr86 ratios in carbonatites could be applied to the
problmi of their origin, First, a study of the Sr87/Sr86
ratio .In a xenolith and in the limestone from which it was
derived was undertaken in order to determine the effect of
diffusion of Sr87 on the Sr87/Sr86 ratio in the xenolith.
Second, the Sr87/sr86 ratios in sedimentary carbonate rooks
which have been reported in the literature and which were
measurod In this investigation were tabulated. This was
done in order that the ratios measured in carbonatites
coild be compared with those in sedimentary carbonate rocks.,
The Rb/3r ratios of sedimentary carbonate rocks are
in general so low (see Table 1.1) that no age correction
need bh applied to their ar87/5r86 ratios,
II. STUDY OF A LIMESTONE XENOLITH
The rocks chosen for this study were the Trenton
limesto)ne at Montreal, Quebec, and a renolith of this
limetnne enclosed in the igneous rock of Mt. Royal in
Iontreal, The Oaracteristics of the Trenton limestone
in 'the Montroal area have been described by Clark (1952,
pp. 57w76). The sample of Trenton limestone was from the
Tet.auville formation and was collected on Westmount
Mour'ain, Montreal, about one mile from the summait of Mount
Royal. This 1mestone is a dense bluish-black rock oonm
talzin; beds up to six inches in thickness. A photograph
of a typical outcrop of this limestone is shown by Clark
(1952, Pi. XII). Although dikes associated with the Mount
Royal igneous body cut the Trenton limestone in many places,
none were obeerved in the outcrop from which the sample used
in this work was collected,
The xenolith was collected in the Corporation Quarry
on the northern side of Mount Royal in Montreal. Mount
Royal is the best known of a group of small igneous stocks
or plaes known as the Monteregian Hills, which trend
easterly for about 150 miles from Okaa Quaobec. They have
been described by Dresser and Denis (1944). M5ount Royal is
a compcsite stock consisting predominantly of gabbro
intruded by nepheline syenite. It is entirely surrounded
by Trerton limestone,
The contact metamorphism of the Trenton limestone
is well displayed at the Corporation Quarry. Clark
(1952, p. 108) writes:
In the Corporation Quarry, Montreal, the mftamorphism
of the Trenton limestone has resulted not only in re-
Crystallization but in the whitening of the limestone
as a consequenO of the volatilizing of the hydrocarbon
cloring matter.
He nctes (1952, p. 109) that:
The limestone, highly crystalline, has been sub-
Pcted to intense local crumbling, which must have been
preceded by the development of a thorough plasticity of
the rock, Thus heat and pressure combined in this case
to deform the rook.
It is therefore well established that the temperature of
the Mount Royal magma was sufficient to recrystallize and
mobilize the Trenton limestone.
The xenolith itself was roughly rectangular, about
13 by 24 inches in size. It was surrounded by a fine to
medi;m-grainod dark igneous rock which will be referred to
as nbbro i this discussion. There could be little
quesLicn that the xenolith was derived from the Trenton
lmeostne since the contact between the Trenton limestons
and the gabbro was located about 7 feet from the xenolith.
The .rnolith s a gray-white, coarsely crystalline cal-n
citic rock, closely matching the description of the contact
rock given by Clarke
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A specimen of the xenolith was taken from near its
center], and a sample of the gabbro was collected about 18
incho from its contact with the xenolith. sr87/sr86 ratios
were measured in these samples, and in the sample of Trenton
limestono. The results are given in Table 5.1.
Hurley and others (1961, p. 152) report an analysis
of a 1n1huaite from !ount Royal as giving Sr 87/Sr 8 6 = 0.7045,
so that the value of 0,7077 reported in Table 5.1 may be
slightly high. The standard deviation of a single analysis
oalcu.atod from the combined results of the duplicate
analyses of the Trenton limestone and the xenolith is 0.0007.
This figu is considerably lower than the reproducibility
calculated in Chapter III and indicates that the Sr87/3r86
ratio in the Xenolith is identical to that of its parent,
the Trenton limestone.
Conclusions
The xenolith, oven though subjected to high temperaw
tures, completely reorystallized, and surrounded by magma
with a 3r 87 /3r 8 6 ratio of approximately 0.708, has pre-
served the ratio of the Trenton limestone, 0,712. Therefore,
there has been no migration of Sr87 into or out of this
xenolith, If migration of Sr87 is negligible in carbonate
sr87/Sr86 Study of a Limestone Xenolith
Rock Type
and Locality
Gr87
Date (S)Sr86corr
04588 Trenton Is:
045-88 Trenton 1s,
Montreal, Que.
Average for Trenton Is
C4589a Xenolith of
Trenton lo
Mt. Royal, Que.
9/18/61
10/1/61
10/2/61
11/7/61
Average for Xenolith
Combined average for
Trenton ls and renolith
.1189
.1197
.1193
.1199
.1197
.1198
.1196
.7131
.7118
.7125
.7098
.7118
.7108
.7116
a' +.0007
0- ±.0014
Gabbro,
Mt. Royal, Quo.
11/15/61 .1196 .7071 .7077 84 good
Sample
Number No. ofscans Qual.
78
78
84
84
good
good
good
fair
.7116
.7127
.7122
.7112
.7126
.7119
.7120
+.0004
*.0007
R4590b
Table 5. 1
ne86
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xenoliths of this small size, it could hardly be important
in ones the size of many carbonatite bodies, that is
hundreds of thousands of square feet in area.
This conclusion does not contradict that reached by
other workers, for example Hurley and others (1961, p. 7),
who have found that Sr87 is quite mobile at only moderate
temperatures. These investigators studied the diffusion
of radiogenic Gr8? atoms which had occupied rubidium sites.
Strontium atoms are not easily accomodated in rubidium
sites and are therefore subject to diffusion at fairly low
temperatures. On the other hand the 3r87 in limestones
and in mafic igneous rooks is almost entirely non--radiogenic
and occupies calcium or strontium sites, so that it is much
less subject to diffusion. In addition the concentration
of strontium and the abundance of Sr87 in limestones are
quite similar to those of mafic igneous rocks; consequently,
no concentration or isotopic gradients which would serve to
promote migration of Gr87 are set up in limestone xenoliths
enclosed by mafic igneous rocks,
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III. THE 3r87/sr86 RA TIO IN SEDIMENTARY
OARBONATE ROOKS
Interest in the isotopic composition of strontium
in limestones was aroused by the suggestion of Wickman
(1948) that the Gr87/Sr 8 6 ratio in limestones could be
directly used to determine their ages. Wickman assumed
that sea water strontium represented average crustal
strontium, and proposed that since limestones have very
low Rb/Sr ratios their sr87/Sr86 ratios would be simple
functions of their ages. Wickman estimated that the
Rb/Gr ratio of the crust was about 1.0, and predicted
that the SrS7/Gr86 ratio would increase by about 6.4
per cent per billion years. Gast (1955) reported the
sr87/Sr86 ratios in several limestones of different ages
and showed that the change in the Sr87/Sr86 ratio was very
much smaller than Wickman had predicted, Gast (1955) and
Faure (1961) have discussed the reasons for this dis-
crepancy. It is in part due to the fact that Wickman
overestimated the Rb/Sr ratio of the crust, which is close
to 0.2, and in part due to the fact that sea water strontium
does not represent average crustal strontium. A more
detailed discussion of the significance of the sr87/Sr86
ratio in sea water is given by Hurley and others (1962).
Other than the work of Gast (1955) very few measure-
monte of the Sr37/3r86 ratios in sedimentary carbonate
rocks have been reported. These data, together with the
results obtained in this investigation are listed in
Table 5.2.
It is apparent from Table 5.2 that the Sr87/sr86
ratios in the oldest and youngest limestones analyzed
differ by only 0.009, or about 1.3 per cent. This is
approximately oneftfifth the change predicted by Wickman.
The data listed in Table 5.2 show that limestones less
than 1000 million years in age in general have sr87/Sr86
ratios higher than 0.709. However, some Paleosoic lime--
stones deposited in rather restricted environments have
been found to have Sr87/Sr86 ratios slightly lower than
0.709 (P. R. Whitney, verbal communication). Several
investigators have shown that present day sea water has
a Sr87/Sr86 ratio of 0.712.
IV. CONCLUSIONS
Migration of strontium in a carbonate xenolith has
been shown experimentally to be negligible. Therefore, a
xenolith of limestone enclosed in an alkaline magma would
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Table 5.2 Isotopic Composition of Strontium in Sedimentary Carbonate Rocks
Sample Rock Type
Number and Locality Reference Sr8 6/Sr 8 8  3r87/sr86  Age (my)
04317 Madison Is, This work .1189 .7117* ±.0010 300-350
04543 Montana
04588 Trenton is, Quo. This work .1196 .7120* +.0004 400-500
C4583 Grenville marble, This work .1195 .7101* ±.0008 900-1,100
nr. Hull, Out.
04815 Ottertail Is, B.C. This work .1192 .7113* t.0003 500-600
04874 Dolomite, Transvaal This work .1195 .7129* t.0008 Precambrian
Bulawayan 1s, Gast (1960) .704 t .002 2,700
S. Rhodesia
Grenville marble, Gast (1960) .709 ± .002 900-1,100
Ontario
Newland is, Gast (1960) .709 .002 650-750
Belt series
Ordovician 1s. Tex. Gast (1960) .713 .003 320
Ordovician is, Herzog and .1191 .7127 t.0015 400-500
Iswos, U.S.S.R. others (1958)
Grenville marble, Pinson and .1195 .711 + .002 900-1,100
Ontario? others (1958)
*Corrected for isotopic fractionation assuming Sr 8 6 /Sr 8 8 = 0.1194.
preserve the 3r87/Sr86 ratio of the limestone from which
it was derived. Sedimentary carbonate rooks less than
approximately one billion years in age are seen in general
to have Sr87/Sr86 ratios varying from 0.709 to 0.713.
Faure and Hurley (1962) have reported that the average
ar87/sr86 ratio in basalts is 0.708. In a general case,
a xenolith of limestone less than one billion years in
age enclosed in igneous rook related to basalt would be
distinguished by the fact that its Sr87/Sr86 ratio would
be measurably higher than that of the igneous rook.
-157-
CHAPTER VI
THE ISOTOPIC COMPOSITION OF STRONTIUM IN ROCKS FROM
CARBONATITB-ALKALINE ROOK COMPLEXES
I. INTRODUCTION
Sr8 7 /sr 8 6 ratios have been measured in several rooks
from each of five carbonatite-alkaline rock complexes. One
alkaline complex which is not believed to contain carbon..
atite was also investigated. The results of these analyses
will be reported In this chapter. In a number of cases
only the carbonatite from a particular complex was ana--
lyzed. The data obtained from these measurements will be
presented in Chapter VII.
The Rb/Sr ratio in carbonatites and in most of the
alkaline rocks associated with carbonatites is very low.
Therefore it is unnecessary to make an age correction to
obtain the initial Sr87/Sr86 ratios of these rocks. All of
the measured sr87/sr86 ratios reported in this investigation
can be assumed to be equal to the initial Sr87/3r86 ratio
of the rock in question unless otherwise noted.
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II. THE OKA COMIPLEX, QUBBEC
General Ieatures
The Oka complex of carbonate and alkaline rooks is
located in Two Mountains County about twenty miles West of
Montreal, Quebec. It has been described recently by Rowe
(1958, pp. 65-88), Heinrich (1958), Maurice (1957), and
Rowe (1955). The complex itself is oval-shaped, about 4
miles in length and 1.5 miles in width. It is situated in
,a group of low hills, underlain by rocks of Precambrian
age, which rise from the surrounding Paleozoic rocks of
the St. Lawrence lowland. The Oka alkaline and carbonate
complex itself is of Cretaceous age and is part of the
Monteregian petrographical province of alkaline rocks.
The inner structure of the complex is not completely known.
There is an indication, based on detailed mapping and
examination of drill cores by Mr. D. Gold of McGill Uni-
versity (personal communication, 1961), that the complex
is actually made up of two closed ring complexes.
Rowe (1958, p. 69) points out that the three main
rook types at Oka are: (1) carbonate rocks composed mainly
of calcite; (2) calc-silicate rocks including okaite ( a
melilite rock), monticellite rock, apatite rock, and a
soda pyroxenembiotite-calcite-pyrochlore rock; and (3)
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silicate rocks, including ijolite, jacupirangite, micro-
ijolite, fenite, and several lamprophyres. The petrography
of the complex is therefore typical of the carbonatite
association. The calcite rock is extremely rich in
strontium (J. Gover, personal communication, 1961), and
forms an ore-grade niobium deposit.
Theries 2f Oriin
The origin of the complex is controversial. The
early writers on the complex, for example Ztansfield (1923),
Hlarvie (1909). and Howard (1922), described the carbonate
rock as Grenville marble. Rowe (1955) was the first to
recognize that the rocks at Oka are part of an intrusive
complex, but stated (p. 11) that the marble was probably
originally a limestone. Maurice (1957) has referred to
the carbonate rocks at Oka as Grenville limestone. Ie
writes (pp. 3-4):
3ome geologists who have recently visited the area
have expressed doubts concerning the origin of these
limestones, pointing out that their crystallinity is
not a good enough criterion for classifying them with
the Grenville series. In fact, they claim that the
intense intrusive activity of Monteregian affinity
might have caused other lime-bearing rocks, such as
the Ordovician limestones, to be metamorphosed and
recrystallized to the same extent. Other geologists
have suggested an igneous origin for these rocks.
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The writer is inclined to believe that the limeft
stones belong to the Grenville series and that they
had already acquired their present lithological,
textural, and structural characteristics long before
the advent of the :1onteregian igneous activity. The
heat of these intrusions may have caused a limited
amount of flowing, but it seems unlikely that their
overall influence on the adjacent rocks would have
been greater than that in the vicinity of some of
the Monteregian hills where limestones of Ordivician
age have been but little disturbed a few feet away
from the intrusive material. Furthermore, if they
were of Ordovician age, they should normally be
closely related in place with the underlying Potsdam
sandstone, which should also be structurally dis-
turbed, and no sandstone has yet been found in the
area occupied by this series of limestone.
On the other hand, they possess one characteristic
that has been found in the Tanganyikan carbonatites
described by Fawley and James (4) and in other rocks
of the same type, namely, the fact that they contain
as accessory minerals, magnetite, apatite, and pyro-
chlore. They, however, seem to lack the character-
istic zoning and ring structures common in most
occurrences of carbonatite, as well as the circular
form generally typical of them. Furthermore, cal-
cite is not, as far as is known, a mineral commonly
associated with the other Monteregian hills, and one
could hardly associate its intrusion with the Oka
onteregian igneous activity. Grenville limestones
are so common in the Precambrian rocks of Lachute
map-area to the north that it seems more reasonable
to assume that the Oka limestones have the same
origin . . . . The pyrochlore-magnetite-apatite
mineralization is probably associated with the
irruption of the Oka alkaline intrusives, since the
same minerals have been found as accessories in the
rocks of at least two other of the M4onteregian hills.
Rowe (1958, p. 32-83) discusses the origin of the
carbonate rocks as follows:
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The calcite rock could have formed in one or more
of three ways: (1) from post-Precambrian sedimentary
carbonate rock, (2) from Grenville marble, or (3)
from a magma. Fragments of limestone that appear to
be post-Precambrian type are in one of the satellitic
breccia bodies, so it is possible that sedimentary
carbonate rock was available at the tine of the forma-
tion of the complex. The ability of Monteregian
activity to convert limestone to coarse-grained marble
is demonstrated at Mount Royal. However, relict lime-
stone has not been found in the Oka complex. Oeveral
geologists who have had experience with Grenville
rocks declare that the calcite rock looks like Gren-
ville marble. It is possible that Grenville marble
was mobilized and squeezed into a discordant zone of
weakness which was also the locus for the intrusion
of alkaline silicate rocks. The calcite rock could
have been emplaced as a carbonate magma or by hydro-
thermal activity. Geologists who are familiar with
the African carbonatites, which are generally held
to be magmatic, note that the Oka calcite rook looks
like carbonatite.
Heinrich (1958, pp. 227, 238) considered the Oka
carbonate rock- to be a xenolith of Precambrian marble which
had been intruded and metasomatized by the alkaline rocks.
It is apparent from these remarks that many North
American geologists would regard the Oka carbonate rock as
a xenolith of Grenville marble, while other geologists
familiar with carbonatites would classify it as carbonatite.
The Oka complex possesses the following features which are
typical of the carbonatite association:
1. An oval-shaped outcrop pattern, possibly consisting
of two closed ring dike complexes.
2. Association of calcite rock (s8vite) with ijolites,
lamprophyres, fenite, and apatite and melilite rocks.
3. Occurrence in an area characterized by tectonic
stability.
4. 1xtreme enrichment in niobium and strontium.
5. Banding and flow structures.
It is also important to note that absolute age
determinations show that the Oka complex is of the same
age as the Monteregian Hills. Aince it falls on a line
formed by the other hills there is little doubt that the
complex is a member of the Monteregian petrographical
province of alkaline rocks.
.r37fsr86 R&tIos
In order to test the hypothesis that the calcite
rock at Oka is mobilized Grenville marble, Sr37/Sr86
ratios were measured in these rocks and in some of the
alkaline rocks of the complex. The results of these
measurements are listed in Table 6.1 and Table 6.2.
Table 6.2 also contains the 3r87/Gr86 ratios which have
been reported by other investigators for rubidium-poor
Grenville rocks.
The chemical treatment given the samples analyzed
as numbers 1, 2, and 3 in Table 6.2 warrants some further
discussion. In numbers 1 and 2 the Grenville marble
sample was ground in a mortar and dissolved in 2N MCl
Table 6.1 The Oka Complex, Quebec
Rook Type Date
Sr 8 6 Sr 8 7
Carbonatite
do.
do.
12/18/60
1/6/61
10/18/61
Average for Carbonatite
Okaite
Aln8ite
IJolite
11/14/61
11/19/61
1/31/62
Average for Oka complex
.1201
.1191
.1194
1195
.1196
.1204
.1197
.1198
.7046
.7067
.7062
.7058
6 ±.0006
.7059
.7045
.7051
.7053
a +.0003
a- .0007
*Analysis reported by Faure (1961, p. 243).
Sample
Number
C3252*
03252*
04584
Sr 8 T)
Ciaorr
No. of
Scans Qual.
R4585
R4586
R4587
84
90
84
good
good
good
.7067
.7057
.7062
.7062
±.0003
.7065
.7074
.7059
84
84
78
good
good
good
.7065
+.0003
.0007
Table 6.2 Isotopic Composition of Strontium in
Grenville Carbonates and Celestites
Rock Type Reference Sr86/Sr88 Sr87/Sr86 (sr87/8r06 )
corr
Marble (04583)
do,
do.
This work
do.
do.
Average for C4583
Marble
Marble
Avg. for two
Celestites
Gast (1960)
Pinson et al.
(1958)
Herso et al.
(1958)
Combined average for Grenville rocks
.1193
.1200
.1193
.1195
.1195
.1192
.1195
.7120
.7078
.7092
.7096
cr +.0012
a- ±.0021
.709
g.t002
.711
.002
.7116
a-
No.
.7117
.7095
.7090
.7101
+.00087.0014
.7107
V.0014
-7102
+.0009
.1 Nt7x*MI"- . 0 I I , I I, - - - -.-- --
as described in Chapter III. Professor W. IT. Pinson
called to the writer's attention the fact that since this
marble contains mica, it was possible that in the Hl
dissolution some radiogenic Sr87 had been leached from
the mica, resulting in an abnormally high Sr37/sr86 ratio.
Two experiments were carried out to check this point.
First, a new sample of the marble was ground and all the
magnetic minerals removed in a Frantz separator turned
to its highest position (about 1.5 amperes). The sample
was then dissolved and the insoluble residue examined
under a binocular microscope. This residue contained no
mica, indicating that all of the mica had been removed by
the magnetic separation. The 3r87/sr86 ratio of this
sample (Table 6.2, No. 3) was not measurably different
from those of the first two samples. This indicated that
no Sr37 had been leached from the mica. As an additional
precaution the three samples were analyzed for rubidium
and strontium by x-ray spectrometry. In each case a
strontium peak over 5 inches in height was observed on a
scale setting of 64. No rubidium peak was visible at this
scale setting or even at a setting eight times more sensiou
tive. The height of the strontium peaks corresponded to
a concentration of over 1000 ppm, while the rubidium
concentration could not have been higher than 10 ppm and
was probably much lower than this. These results indicate
that the Rb/sr ratio in these samples of Grenville marble
is so low that their Sr87/Sr86 ratios have not changed
measurably in one billion years. Therefore, even if both
the calcite and mica in the sample had been dissolved the
Sr87/Sr86 ratio would have remained the same as that
measured.
The mean Sr87/Sr86 ratio in the rubidium-poor Gren-
ville rocks is equal to 0.7102 , 0.0004. The low value of
c- calculated from these analyses indicates that the values
reported in Table 6.2 are statistically identical even
though they are the results of measurements made by dif-
ferent investigators on different samples.
The calcite rook at Oka has a mean Sr87/Sr86 ratio
equal to 0.7062 , 0.0003. The difference between the mean
sr87/sr86 ratios of the Grenville rocks and the Oka calcite
is thus 0.0040. The standard deviation of this difference,
c-d = - + ,where n 1 = 4, o = 0.0009, n2 = 3 0
a 0.0005 (see Table 3.2 and Table 6.2). is approxi-a2
mately 0.0005. Since the difference between the mean
~S7/Sr86 ratios of these rocks is about eight times larger
than its standard deviation it can be accepted as highly
significant.*
The calcite rock at Oka has a Sr8 7/sr 86 ratio which
is not measurably different from that of the other igneous
rooks of the complex. The standard deviation of a single
analysis calculated from the mean of the triplicate analysis
of the calcite and single analyses of the okaite, alnoite
and ijolite, is 0.0007, considerably less than the repro-
ducibility, 0.0015 (see Chapter III).
'Are Of -0 a0 Complex
An age of 95 million years is reported for a biotite
from the Oka calcite rock by Hurley and others (1960, p. 283).
This age is nearly identical to those of the other Monte-
regian Hills (Hurley and others, 1961, p. 151).
An age determination on this biotite was carried out
in this investigation by the Rb-Sr technique. The results
are given in Table 6.3.
The relatively large error associated with the Rb-Sr
age is due to the fact that only a single isotope ratio
measurement was carried out on the biotite. The Rb-Sr and
K-Ar ages are in close agreement, which indicates that sub-
stitution of the measured Sr87/Sr86 ratio in the calcite
Table 6.3 Age of a Biotite from the Oka Complex, Quebec
Sample
Number Description
86Srou Sr86Sr 8 6 (d) Bo~ofSr860 0or Scans
Rb
Qual. (ppm)
Sr
(ppm) Rb/Sr
B3253 Biotite from
Oka carbonatite
.1194 .7143 .7143
a.0015
96 good 738*
± 20'
Rb--Sr age = 89 + 24 million years (see Chapter 2, equation 1).
(sr87/sr86 ) assumed to be 0.7062 + 0.0003, the present ratio in the calcitefrom the carbonatite (see Table 6.1).
*Average of triplicate analyses.
346*
+ 9
2.13
.003
for the initial ratio of the biotite gives the correct age.
This shows that the initial Sr87/Sr86 ratios of the biotite
and calcite were equal, and supports the conclusion that
both minerals crystallized from the same magma.
It could be argued that this biotite is of Grenville
age, but lost its radiogenic argon and strontium at the
time of intrusion of the alkaline rooks around 90 million
years ago. This argument is plausible as far as the radio-
genie argon is concerned. However, the initial Sr87/Sr86
ratio in Grenville minerals has been found to be approxi-
mately 0.710. Therefore a Grenville biotite which lost all
of its radiogenic strontium would show a Sr87/sr86 ratio
of 0.710, not 0.706. In order for such a biotite to have
a Sr87/Sr86 ratio of 0.706 its original strontium would
have to have been completely replaced by strontium with a
Sr87/Sr86 ratio of 0.706. The evidence presented earlier
indicates that Sr87 does not migrate appreciably in car-
bonate rocks. It is therefore extremely improbable that
strontium could have originated in the alkaline rocks and
migrated through the calcite and into the biotiteo The age
of the Oka carbonatite is therefore accepted as being
approximately 90 million years. This is further evidence
in support of the conclusion that the Oka carbonatite is
not a xenolith of Grenville marble.
If a value of Sr87/Sr86 = 0.712 had been used in
the age determination as is customary in the Rb--Gr method
when dating older samples, an incorrect age would have
been obtained. This result shows that the Rb-Sr technique
can be used to date young, somewhat strontium-rich samples
if care is taken to establish the initial Sr87/Sr86 ratio.
The value of 346 ± 9 ppm reported for the biotite
is much higher than that usually found in biotites. Exami..
nation of this sample with a binocular microscope did not
reveal any contaminating minerals. This indicates that
the biotite structure can accomodate relatively high
strontium concentrations if enough strontium is present at
the time of orystallization.
Conclusions
1. The initial Sr87/Sr36 ratios in the calcite rock
and three other igneous rocks of the Oka complex are
not measurably different. The mean Gr87/Sr8o ratio
in these rooks is 0.7065 t 0.0003.
2. The sr87/Sr86 ratios reported by several authors for
different rubidiummpoor rocks of Grenville age are
statistically identical and equal to 0.7102 + 0.0004.
3. The difference between the sr87/Gr86 ratios of the
Oka calcite rook and the rubidium-poor Grenville
rocks is eight times larger than its standard devia-
tion. This difference is highly significant, and
indicates that the Oka calcite rock is not Gren.
ville marble.
4. Both Rb-Sr and K-Ar methods show that the Oka com-
plex is about 95 + 15 million years in age, This
result is not compatible with the hypothesis that
the Oka calcite rock has a Grenville age of 1000
million years.
III. THE MAGNET @OVE COMPLEX, ARKANSAS
General Features
The Magnet Cove complex is one of the best known
alkaline complexes in the Western Hemisphere. Papers
dealing with the area appeared as early as 1836
(Featherstonhaugh) and as recently as 1961 (Milton and
others). This interest has been due as much to the
mineralogy as to the petrology of the complex.
The geology of the Magnet Cove area has been
described by Erickson and Blade (1956), Fryklund and others
(1954), Pryklund and Holbrook (1950), Landes (1931),
Washington (1900, 1901) and Williams (1891). The complex
is located 12 miles east of Hot 3prings, Arkansas, in an
area underlain by Paleozoio sedimentary rocks. It has a
circular outcrop pattern and consists of an outer zone of
mafic and felsic foldspathoidal rocks that surrounds a
core of calcite rock. A great variety of igneous types
are represented, including both leucite and nepheline-
bearing varieties. The calcite rook contains monticellite,
apatite, and a zirconium garnet, and therefore its
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mineralogy is more typical of carbonatite than skarn rooks.
The complex is considered to be of Cretaceous age by Ross
(1941), and according to Fryklund and others (1954) Is a
part of the same petrographical province as the diamond-
bearing peridotites of Pike County, Arkansas.
Theories of OrKIin
The carbonate rook at Magnet Cove has been generally
regarded as a xenolith of limestone, even though no lime-
stone outcrops in the vicinity. Landes (1931) avoided this
difficulty by asisuming that the carbonate rock was brought
up from great depths. It is true that thick limestone beds
underlie the complex at depth. Shand believed that the
ijolite present at Magnet Cove was derived by reaction
between foyaite magma and limestone. It is apparent that
both Shand (1950. p. 322) and Daly (1933. p. 511) regarded
the carbonate rook as a xenolith of limestone and con-
sidered the Magnet Cove complex to be a good example of
limestone syntexis.
Pecora, however, formed a different opinion of the
origin of the carbonate rock, and wrote (1956, p. 1547)
that a re-examination of the so called "xenoliths" con-
vinced him of their "dikelike (veinlike)" relations to the
reportedly younger nepheline syenite. The present writer
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examined exposures of the carbonate rook during the summer
of 1961 and was also satisfied that the carbonate rook was
younger than the syenite. Fryklund and others (1954, p. 49)
write:
The inclusions of syenite, rimmed by reaction pro-
ducts and veined by calcite, testify that the calcite
material was both mobile and reactive after the forma-
tion of the igneous rocks, and most likely was intro-
duced later than the igneous rocks.
They are unable to choose between a magmatic or a
hydrothermal replacement origin for the calcite rocks, but
state that "the available evidence favors hydrothermal
replacement."
Sr87 fSr 86 Ratios
The Sr87/Sr 86 ratios measured in rocks from the
Magnet Cove complex are listed in Table 6.4. It is
apparent that the sr87/sr86 ratio of the carbonatite is
not measurably different from that of the other igneous
rocks and minerals of the complex.
AGe of the Magnet Cove Complex
Ross (1941) and Fryklund and Holbrook (1950) believe,
on the basis of indirect evidence, that the Magnet Cove
complex is of Oretaceous age. The igneous rocks are intru'
sive into Pennsylvanian sedimentary rocks and are truncated
TaIbe 6.4 The Magnet Cove compleX, Arkansas
Rook Type Date
Sr86
sr 8 8
sr87
Sr86 (d)Sr86 0 rr
Carbonatite 7/5/61
12/3/61
Average for carbonatite
Monchiquite
Nepheline
Syenite
Jacupirangite
Garnet from
Ijolite
7/16/61
8/6/61
8/7/61
11/29/61
Average for Magnet Cove complex
Sample
Number
c4316
No. of
Soans Qual,
R4321
R4360
R4359
G4535
.1186
.1195
.1191
.1194
-1199
.1196
.1191
.1194
.7084
.7068
.7076
.7078
.7065
.7067
.7077
.7108
.7065
*7087
.7078
.7050
.7061
.7086
.7072
±.0007
2.0016
90
84
84
90
84
84
good
good
good
good
good
good
.7073
+.0003
*.0006
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by late Cretaceous erosion and sedimentation, According
to the time scale proposed by Holmes (1960) the complex
therefore is between approximately 70 million years and
300 million years in ago. Hurley and Goodman (1943)
report an age of 63 million years for a magnetite from
Magnet Cove as determined by the helium method.
A Rb--Sr age determination was carried out on a
biotite from the biotite-garnet idolite at Magnet Cove.
The result of this analysis is given in Table 6.5.
These data indicate that the age of the Magnet
Cove complex is 63 ; 31 million years, and therefore the
highest age possible is 94 million years. The geological
evidence defines the lowest possible age for the complex
as 70 million years. A reasonable estimate for the age
of the Magnet Cove complex is therefore 85 ± 10 million
years. A figure slightly higher than the mean of 94 million
years and 70 million years is favored since the complex is
preo-late Cretaceous.
If a value of (Sr87/Sr86 )0 a 0.712 had been used
the age of this sample would have appeared to be negative.
This demonstrates once more that the Rb--Sr technique can
be applied to young samples if the initial Sr87/Sr86 ratio
is established. This biotite is enriched in strontium, as
was the biotite from Oka, Quebec.
Table 6.5 Age of a Biotite from the Magnet Cove Complex, Arkansas
sr87
Sr 8 6Description (-,) No. ofSr86 orr Scans Qual. (ppm) (ppm) Rb/Sr
Biotite from
biotite-garnet
ijolite
.1183 .7149 .7116
a.0015
84 good 348* 218*
+ 2 + 7
- -f
Rb-sr age = 63 ± 31 million years (see Chapter 2, equation 1).
(Sr87/Sr86 ). assumed to equal 0.7073 ± 0.0003, the average for the Magnet Cove
complex (see Table 6.4).
*Average of duplicate analyses.
Sample
Number
B4535 1*60
-.06
-177-
Conclusions
1. The initial Sr87/Sr86 ratios of the calcite rock
and four other igneous rocks from the Magnet Cove
complex are not measurably different. The mean
Sr 8 T/Sr 8 6 ratio in these rocks is 0.7073 ± 0.0003.
2. A reasonable estimate of the age of the Magnet Cove
complex based on both geologic and isotopic evi-
dence is 85 t 10 million years.
IV. THE IRON HILL STOCK, COLORADO
General Features
The Iron Hill stock, located in Gunnison County,
Colorado, has been described in detail by E. S. Larsen
(1942). It is a composite alkaline stock intrusive into
Precambrian gneisses. Biotite pyroxenite comprises over
70 per cent of the exposed mass: other rock types repre.
sented are uncompahgrite, ijolite, soda syenite and
nepheline syenite. A large mass of carbonate rock occurs
in the center of the complex. A number of carbonate
inclusions are found in the country rock, and several veins
(dikes?) of carbonate rook cut the other rocks of the
complex. The age of the intrusive rocks is not known.
Theories of Origin
Larsen considered in detail all the possible explana-
tions for the origin of the carbonate rock at Iron Hill.
He concluded (1942, p. 1) that:
The main mass of marble is . . . believed to be a
large hydrothermal deposit formed in the throat of a
volcano, though it may have been intruded as a carbon--
ate magma or it may be an inclusion of Precambrian
marble.
He writes (1942, p. 9), "To me an igneous origin seems
improbable, but to the advocates of igneous marbles it
will seem the most probable mode of origin." Other
writers have described the carbonate rock as carbonatite,
and Baertschi (1957) found that the abundance of 018 and
013 in the rock was typical of carbonatites.
Larsen believed that the main mass of marble was
the oldest rook in the stock, although carbonate veins
were observed to out the other rocks. This is contrary
to the general pattern of carbonatite occurrences, wherein
the carbonatite is the youngest member of the complex.
Pecora (1956, Table 1) writes that the age of the main mass
of carbonatite at Iron Hill is not established.
Sr 8 7 /Sr 8 6 Ratios
The Sr8 7 /sr 8 6 ratios measured in rooks from the Iron
Hill stock are given in Table 6.6. The Rb/Sr ratio in the
nepheline syonite was determined by x-ray spectrometry to
equal 0.08 I 0.01. This figure is large enough so that an
Table 6.6 The Iron Hill Stockp Colorado
Rook Type
sr 6 r8 ~ , ,. Soans Oiz12 1
sr86 Sr87
Carbonatite 1 18/61
26/62
Average for carbonatite
Uncompahgrite
Nepheline Syenite
Pyrozenite
1/10/62
12/18/61
11 2 1
Average for pyroxenite
Average for Iron Hill stock
Sample
Number
C4811
R4810
R4812
R4809
No. of
.1194
.1192
.1193
.1196
.1193
.1195
.1200
.1198
.1195
84
84
84
78
84
80
84
.7085
.7073
*7079
.7060
.7087
.7043
.7022
.7033
.7065
+.0012
a.0023
good
good
good
good
good
good
good
.7085
.7067
.7076
.7066
.7084
.7046
.7040
.7043
.7067
. 0009
a.0018
sr87%(I)Sr86corrDae
Qual
.
age correction may be required to obtain the initial
sr87/3r86 ratio of this rock. According to equation (1),
Chapter II, the Sr87/Sr86 ratio in the nepheline syenite
would change by approximately 0.08 X 4.25 X 10*2 X l0l
a 0.00034 per 100 million years. Therefore if the Iron
Hill stock is greater than about 300 million years in age
this correction would be significant, Since the age of
the Iron Hill stock is not known, (r 87/sr86 )0 cannot be
calculated. Therefore it must suffice to note that the
value of 0.7084 reported may be significantly higher than
the initial ratio in the nepheline syenite.
The sr87/sr86 ratios measured in the carbonatite,
the nepheline syenite, and the uncompahgrite are not
measurably different. The Sr 8 7/Sr 8 6 ratio in the pyrox-
enite may be significantly lower than the ratios in these
three rocks, but since the value reported for the nepheline
syenite may be higher than its initial ratio this statement
cannot be made with certainty. The value obtained for a,
0,0018, is slightly higher than the reproducibility deter-
mined in Chapter III, A further study may be warranted to
determine if real differences exist between the Sr87/3r86
ratios of these rocks.
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Conclusions
The carbonatite and two silicate rocks from the Iron
Hill stock have Sr87/Sr86 ratios which are not measurably
different. The pyrozenite may have a ratio which is signi-
ficantly lower then that of the other rocks of the complex,
but further study would be required to verify this conclu-
sion.
V. THE ROOKY BOY STOCK, BEARPAW MOUNTAIN3, MONTANA
General Features
The Rocky Boy stock, located in the Bearpaw Mountains
in north central Montana, has been described by Pecora
(1942, 1956) and Pecora and others (1957). The stock is of
Eocene age and forms a part of the central Montana alkalio
petrographic province. According to Pecora (1956) the
sequence in the stock is: (1) biotite pyrozenite, (2)
shonkinitic types, (3) alkalic monzonite, (4) nephelines
aegirine syenite with pegmatites, (5) porphyritic potassio
syenite with oarbonatites, and (6) olivine-leucite phono-
lite dikes. The country rocks are sedimentary, and of
Cretaceous and Tertiary age. The carbonatite is somewhat
atypical, since it occurs both as "veinlike" bodies, the
largest of which is 18 inches thick, and as the core of
syenite-pegmatites. The accessory minerals apatite,
magnetite, and pyrochlore which are usually found in
carbonatites are rare in the Rocky Boy complex, however,
the carbonatite is rich in rare earths and strontium.
It resembles the Mountain Pass carbonatite, California
in many respects,
Theories of -OrIgn
The origin of the Rocky Boy stock has been discussed
briefly by Pecora (1956, p. 1551, p. 1552). He did not
favor the limestone syntexis hypothesis of Daly and Shand,
but was convinced "that the alkalio magma there was generated
as such before it left the Precambrian basement to enter the
Paleozoio and younger strata." He concluded that the 002
was derived by a process of concentration of residual
ingredients during crystallization of the silicate minerals.
It should be noted that an exposure of about 150.200
feet of marbleised Madison limestone of Mississippian age
occurs on the southern border of the stock. This complex
could therefore be considered to show features consistent
with the Daly-Shand hypothesis of limestone synteris.
ar87/s.86 Raies
The Sr 87/sr86 ratios measured in rocks from the
Rocky Boy stock are presented in Table .6.7. Measuremrats
Table 6.7 The Rocky Boy Stock, Montana and the Madison Limestone
sr86
Rock Type Date
Sr87
8r86
~sr86L,,. Scans Qual.
04314 Carbonatite 6/24/6 1
7/27/1
1 5/61
Average for carbonatite
*1186
.1193
.1185
.1188
.7117
.7079
.7118
v7105
ZF ±.0013
Biotite Pyroxenite
Syenite
11/22/61
1/9/62
for Rocky Boy stock
R4536, R4549)
.1193
.1192
.1191
.7098
.7117
*7107
oF +o0006
or To.0010
.7095
.7111
72 good
84 fair
.7098
w±.0007
±.0012
Marbleized Madison is
Madison Is
7/6/61
7/22/61
12/10/61
.1193
.1185
.1190
.7136
.7125
.7132
.7133
.7098
.7120
78
90
good
good
78 good
for Madison Is
04543) .1189 .71317 ±*0003
o- ±.0006
Sample
Number No.* of
R4536
R4549
Average
(04314,
90
84
92
.7093
.7076
.7091
.7087
w. 0005
good
good
good
04317
04543
Average
(04317, .7117
+0010
+.0018
Qu.l
made on the marbleized Madison limestone and unmetamorphosed
Madison limestone are included.
The standard deviation of a single analysis calou-
lated from the mean of the carbonatite analyses and the
two analyses of silicate rooks is 0.0012. Therefore the
Sr87/sr86 ratio in the carbonatite is not measurably dif..
ferent from that of the other igneous rocks of the stock.
The Sr 8 7 /Sr 8 6 ratio in the marbleized Madison lime-
stone is not measurably different from that in the unmeta-
morphosed speciment This indicates that the contact
metamorphism has not altered the Zr87/sr86 ratio in the
marbleized specimen, and for this reason the average for
the Madison limestone was calculated using all three values,
The difference between the mean Sr87/Sr86 ratio of
the Madison limestone and that of the Rocky Boy earbonatite
is 0.7117-0.7087 = 0.0030. The standard deviation of the
2 2difference, ad = + $ , where a, a 0.0018,
n, n2
n2 = 3, g2 a 0.0009. n2 = 3, is 0.0012. The difference
is 2.5 times larger than its standard deviation and is
therefore significant. This indicates that the carbonatite
is not a mobilized xenolith of Madison limestone.
conclusions
1. The Sr87/3r86 ratios in the carbonatite and two
other igneous rocks from the Rocky B stock are not
measurably different. The mean s87/sr86 ratio in
these rocks is equal to 0.7098 t 0.0007.
2. The Madison limestone in the Bearpaw Mountains,
Montana has a Gr87/Sr 8 6 ratio equal to 0.7117
± 0.0010.
3. The difference between the 3r87/Sr86 ratios of the
Rocky Boy carbonatite and the Madison limestone is
2.5 times larger than its standard deviation and is
therefore considered significant. This indicates
that the carbonatite is not a marbilized xenolith
of Madison limestone.
VI. T1E ICE RIVER COMPLEX, BRITISH COLUMBIA
General Featgs
The Ice River complex is located in British Columbia,
a few miles west of Banff, Alberta. It has become well
known through the pioneer work of J. A. Allan (1914). The
complex has many features in common with those previously
discussed, except that it contains no carbonatite. It is
possible that carbonatite was involved in the formation of
the Ice River magma but is not exposed at the present level
of erosion. Allan (1914) noted the presence of primary
calcite in the igneous rocks.
The intrusion has the form of a lacoolith, and
consists predominantly of nepheline syenite and ijolite,
with some jacupirangite and sodalite syenite. The rocks
intrude the middle Cambrian Ottertail formation@ and K-Ar
dating yields an age of 350 million years for the complex
(Baadsgaard and otherse 1959). Extensive contact meta-
morphism of the limestone in the Ottertail formation has
occurred, and some limestone xenoliths are enclosed in the
igneous rock. Pecora (1956. p. 1547) describes the miner-
alogy of this metamorphosed limestone and notes that
although it is in general typical of skarn mineralization,
some pyrochlore does occur.
Theories of Origin
Allan (1914) favored the limestone synteris hypo.
thesis as the explanation of the origin of the Ice River
complex. Shand (1950) also discussed the complex as an
example of limestone syntexis.
sr87/Sr86 Ratios
sr87/sr86 ratios were measured in two igneous rooks
from the Ice River complex, and in a rock described by Allan
as a metamorphosed limestone. The results are given in
Table 6.8.
The age correction applied to the Sr8?/Sr86 ratio
of the syenite is somewhat approximate since the Rb/Sr
Table 6.8 The Ice River Complex, British Columbia
Rock Type Date sr86
Sr 8 8 l
Sr 8 7
C4815 Metamorphosed
LMuestone
12/27/61
if /62
Average for metamorphosed
limestone
R4813
R4814
Jacupirangite
Nopheline
syonito
1/17/62
1/1L/62
1/19/62
*.1188
* 1194
.1192
Average for nepheline e1193eyouite
Initial Sr87/Sr86 ratio of
nepheline syenite*
Average for lacupirangite 
.1191and nepheline ayeni-3
*(orected for t = 350 my (Baadegaard ana(X-ray spectrometry),*
.7099
.7113
.7095
. 7104
.7054
.7077
m*0023
.7113
.7101
.7051
.7066
.0015
84
78
66
'-thers, 1959) and Rb/Sr = 0.34
Sample
Number (Sr86)
.1185
.1199
.1192
No. of
Scans
.7142
.7095
.7119
.7115
.7110
.7113
78
78
fair
good
good
fair
fair
Qual
.
ratio in this rook was determined by x-ray spectrometry
rather than by the more accurate technique of isotope
dilution. Nevertheless it is apparent that the Sr87/Sr86
ratio in the metamorphosed limestone is different from
that of the igneous rocks. Therefore the Sr8?/Sr86 ratio
in this rock correctly identifies it as a metamorphosed
limestone rather than a carbonatite.
Oonclusions
1. The Sr8?,/Sr 86 ratio In two inneous rocks of the Ice
River complex is 0.7066 + 0.002. The standard devia-
tion of 0.002 is somewhaT larger than that calculated
because of the uncertainty in the age correction
applied to the nepheline syenite.
2. The Sr87/sr86 ratio in a metamorphosed limestone
associated with the Ice River igneous rocks is
0.7113 t 0.0003. Therefore the strontium isotope
data correctly identify this rock as a metamorphosed
limestone rather than a carbonatite.
VII. THE SPITZKOP COMPLEX, TRANSVAAL
General Features
The Spitzkop alkaline complex intrudes the Pre
cambrian Bushveld complex in the Sekukuniland district of
the Eastern Transvaal, South Africa, It has been described
in detail by Shand (1921) and by Strauss and Truter (1Q50)-
The complex itself is circular in outorop, and con-
tains an inner core of dolomitic carbonatite surrounded by
-18.9-
a ring of s8vite. This is surrounded in turn by rings of
foyalte, ijolite and urtite, mafic silicate rooks, and
umptekite. The country rock is Bushveld granite and
granophyre.
Theories of Origin
The Spitzkop complex presents the most instructive
example of the different interpretations placed on car-
bonate rocks associated with alkaline rocks by the reno-
lithists and the carbonatite magmatists.
Shand concluded that the central mass of carbonate
rock was a xenolith of Transvaal dolomite which underlies
the Bushveld complex. He believed that the ijolite was
formed from assimilation of dolomite by the foyaite. He
wrote that Daly's hypothesis of limestone syntexis was
"convincingly demonstrated" (1921, p. 146). After the
publication of this paper the Spitzkop complex came to be
regarded as one of the best examples of the effectiveness
of the limestone syntexis hypothesis. For example, Du Toit
(1954, p. 220) writes that the complex, "includes a foreign
mass of limestone . . . that must have been carried up by
the Dolomite . . . ." Shand (1950) once more used the com-
plex as an example of limestone syntexls, and Stoll (19581
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employed the Spitzkop complex as an example of the buoyant
powers of rising magma.
Strauss and Truter did not agree with Shand's
conclusion that the carbonate rook at the core of the comm
plex was simply a recrystallized xenolith of Transvaal
dolomite. They presented 12 petrologically sound reasons
for believing that the carbonate rock is a carbonatite, not
a xenolith (1950, p. 115). As was mentioned in Chapter I,
Shand, in a discussion of this paper, still preferred the
idea of "mobilized dolomite" to carbonatite. Holmes (1958,
p. 1525) summarized information reported by Higazy (1954)
and Baertschi (1957) on the trace element concentrations
and isotopic composition of oxygen and carbon in the carbon-
atite and the Transvaal dolomite, "so that Shand's mis-
taken interpretations should no longer be given further
publicity." The oxygen and carbon isotopic compositions
and the trace element concentrations of the carbonatite
were observed to be radically different from those of the
"dolomite". Holmes (1958, p. 1526) wrote:
The evidence is all uniformly consistent with the
interpretation that the Spitzkop crystalline limestone
is a carbonatite and not, as has been supposed, an
enormous mass of the 'Dolomite' floated up by a hypom
thetical magma.
Sr87/r 86 Ratios
In order to compare the Sr87/3r86 ratios in the
Spitzkop carbonatite and the Transvaal dolomite, duplicate
measurements of each were carried out. The results are
shown in Table 6.9.
Table 6.9 The Spitzkop Complex, Transvaal,
and the Transvaal Dolomite
Sample Rook Type
Number and Locality Date
04320 Carbonatite, 7/14/61
04844 Spitzkop, 1/5/62
Transvaal
Average for Spitzkop
Carbonatite
04874 Dolomite, 1/9/62
Transvaal 1/28/62
Average for Transvaal
Dolomite
-r86  3r87
S s8
.1194 .7064
.1194 .7052
.1194 .7058
t.0006
.1193
.1196
.1195
.7124
.7131
.7128
±.0004
Sr 8 6 ;orr
.7064
.7052
.7058
;.0006
.7121
.7137
.7129
±.0008
No.
Scans Qual.
78 good
84 fair
78 fair
72 good
3ome further discussion of the data reported in Table
6.9 is needed before it can be correctly interpreted. First,
the Transvaal dolomite is of pre-Bushveld age, which means
it is probably older than about two billion years. Second,
according to Hligasy (1954, p. 63) it contains less than 5
ppm of strontium. This indicates that the presence of only
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a trace amount of rubidium in this rock would be sufficient
to have caused a measurable increase in its or87/3r86 ratio.
An attempt was made to determine the Rb/Sr ratio of the
Transvaal dolomite by X-ray speotrometry. A strontium peak
corresponding to about 30 ± 10 ppm was observed, but no
clearly defined rubidium peak was found although a slight
increase over the background did occur in the rubidium peak
area. This sample could possibly contain 1 or 2 ppm rubi.
dium, and if so the abundance of Sr 8 7 in the sample would
have increased measurably during 2 billion years. It is
therefore conceivable that at the time of the intrusion of
the Spitzkop complex, the dolomite had a ratio identical to
that of the alkaline magma. This theory, however, appeals
to an improbable coincidence and it is much more logical in
the light of the evidence presented in Table 6.9 and by
other workers to reject the hypothesis that the Spitzkop
carbonatite is a xenolith of the Transvaal dolomite.
VIII. CONCLUSIONS
The following conclusions can be drawn from the
experimental data presented in this chapter.
1. sr 8 7/sr 8 6 ratios have been measured in both carbon-
atite and alkaline rocks from four complexest Oka,
Magnet Cove, Iron Hill, and Rocky Boy. In each case
the Sr87/sr86 ratio in the carbonatite was observed
to be not measurably different from those in the
alkaline rocks.
2. In two of these cases, Oka and Rocky Boy, the
Sr87/Sr86 ratios of the carbonatites were found to be
different from those of nearby sedimentary carbonate
rocks. This is particularly significant in the case
of the Oka carbonatite, whose Sr87/Sr86 ratio differs
from that of its suggested parent, the Grenville
marble, by eight times the standard deviation of the
difference. It is concluded that these carbonatites
are not xenoliths of sedimentary carbonate rocks,
3. The present Sr87/Sr86 ratio in the Spitzkop carbon-
atite is measurably different from that of its
suggested parent, the Transvaal dolomite. This
result is somewhat inconclusive due to insufficient
knowledge regarding the rubidium concentration of
the Transvaal dolomite and the age of the Spitzkop
complex. However, it strongly supports the con-
clusion that the Spitzkop carbonatite is not a xenow
lith of Transvaal dolomite.
4. Carbonatite does not occur in the Ice River alkaline
complex. The Sr87/Sr86 ratio of the igneous rooks
of the complex is measurably different from that of
an associated metamorphosed limestone. This indi-
cates that diffusion of Sr7 has not been effective,
and supports the conclusion that the Sr87/Sr86 ratio
in carbonate rocks associated with alkaline com
plexes can be used as a criterion for identification
of the rook as carbonatite or as metamorphosed. lime-
stone.
The implications of these conclusions with regard to
the petrogenesis of carbonatite will be the subject of
Chapter VIII.
CHAPTER VII
THE ISOTOPIC COMPOSITION OF STRONTIUM
IN CARBONATITES
I. INTRODUCTION
In the preceding chapter 3r87/Sr86 ratios were
reported for the Oka, Magnet Cove, Rocky Boy, Iron Hill,
and Spitzkop carbonatites. In four of these cases the
Sr8?/Sr86 ratios in the carbonatite were found to be
identical to those in the alkaline rocks associated with
the carbonatite. In addition, 16 more carbonatites were
analyzed, bringing the total to 21. None of the alkaline
rocks associated with these 16 carbonatites were analyzed.
II. ANALYTICAL RESULTS
The results of the measurement of the Sr87/Sr 86
ratios in 21 carbonatites are given in Table 7.1.
Although a mean Sr87/Sr86 ratio has been calculated
for these carbonatites, there is evidence that at least
some of them have different ratios. For instance, according
to Table 3.1 the Rocky Boy carbonatite has a Sr87/3r86 ratio
of 0.7087 , 0.0009 (cr). Two determinations of the Sr87/sr86
ratio in the Aln8 carbonatite gave values of 0.7043 and
Table 7.1 The Isotopic Composition of Strontium in Carbonatites
Locality Date
Sr86
Sr88
Sr 8 7
s"HumSr
8 6Corr
Rocky Boy, Mont, 6/24/61
7/27/61
12/5/61
Average for Rocky Boy
Magnet Cove, Ark. 7/5/61
12/3/61
Average for Magnet Cove
Iron Hill, Colo. 12/18/61
2/6/62
Average for Iron Hill
04322
03252*
03252*
04584
Mountain Pass,
California
Oka, Quebec
do.
do.
7/17/61
128/61
1/861
.1186
.1193
.1185
.1188
.1186
.1195
.1191
.1194
.1192
.1193
.1189
.11201
.1191
.1194
.7117
.7079
.7118
.7105
.7108
.7065
.7087
.7085
.7073
.7079
.7089
.7046
.7067
.7062
Average for Oka
.7093
.7076
.7091
.7087
.7084
.7068
.7076
.7085
.7067
.7076
.7074
.7067
.7057
.7062
*7062
90
84
92
good
fair
fair
Sample
Number
04314
04316
o's of
04811
90 good
84 good
84
84
good
good
84 good
84 good
90 good
84 good
Qual.
.1195 -7058
Table 7.1, continued
Locality Date
sr86
Sr88
sr87 (d)
Sr86Sr6Corr
04318
Average I
04319
04320
C4844
Aln8, Sweden
or Aln8
Fon, Norway
Spitzkop, S. Afr.
do.
7//61
1/20/62
7/8/61
7/14/61
1/5/62
Average for Spitzkop
04843
04873
04323
04816
04834
04886
04885
Loolekop, S. Afr.
Glenover, S. Afr.
Premier Mine, S. Afr.
Shawa, S. Rhodesia
Kaluwe, N. Rhodesia
Kangankunde,
Nyasaland
Chila Island,
Nyasaland
12/19/61
1/14/62
12/12/61
12/11/61
2/1/62
2/6/62
2/1/62
.1204
.1192
.1198
.1202
.1194
.1194
.1194
.1194
.1202
.1189
.1183
.1193
.1193
.1191
.7014
.7066
.7040
.7028
.7064
.7052
.7058
.7081
.7045
.7073
.7097
.7054
.7049
.7080
.7043
.7060
.7052
.7051
.7064
.7052
.7058
.7081
.7068
.7058
.7051
.7046
.7071
138
78
84
78
84
good
fair
good
good
fair
84 good
78 fair
84 good
96 good
84 good
78 good
72 good
Sample
Number No aofScans
Scans Qual,Qual.
Table 7.1, continued
Locality Date Sr
86
~r88 sr8 6 0 0 ~  ~can8 QuaI0Cliigwakwalu 11111,
Sr86eor(
Chigwakwalu Hill,
Nyasaland
Busumbu, Uganda
Tororo, Uganda
Sukulu, Uganda
IMrima, Kenya
Rangwa, Kenya
1/7/62
12/24/61
12/23/61
12/11/61
1/11/62
1/15/62
.1190
.1184
.1188
.1196
.1194
.1201
.7092
.7092
.7072
97050
.7074
.7053
.7080
.7062
.7055
.7056
.7074
.7072
.7072 78 good
84 good
84 good
56 fair
102 good
84 good
78 good
Average for 21 carbonatites 0.1193
±0.0001
E 0.097%
- 10.0005
0.46%
*Analysis reported by raure (1961, p. 243).
Sample
Number
04872
04841
04842
04324
04878
04875
No of
Scene
0.7070
10*0005
10.064%
o. 0021
±0.30%
0.7065
±0.0003
O0.036%
+0.0012
±0.16%
Sr88 Qualc
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0.7060 for a mean of 0.7052 + 0.0009. The Sr 8 7 /sr86 "atios
in these two carbonatites differ by 0.0035, which would
appear to be significant. This difference, if real, may
indicate either that these carbonatites have a different
source material, or that small variations exist in the
.r 8 7/Sr 8 6 ratio in their common source material.
The fact that differences in the Sr 8 7 /Sr 8 6 ratios
in carbonatites may exist causes the low value of the
precision error calculated for the 21 samples to be even
more significant. The precision error of a single analysis,
E, is 0.16 per cent while a , the corresponding standard
deviation of a single analysis, is equal to 0.0012. A
comparison of these results with those obtained in Chapter
III from 19 analyses of the strontium standard, where
0 = 0.0017 and E = 0.24 per cent, shows that the precision
error of the carbonatite analyses is only two-thirds that
of the standard analyses. On this basis the Sr807/Sr86
ratios in the 21 carbonatites are identical.
It is interesting to compare the mean Sr87/Sr86
ratios and standard deviations of carbonatite analyses
with those reported by Faure and Hurley (1962) for basaltic
rocks. These data are given in Table 7.2.
Table 7.2 The sr87/Sr86 Ratios in Carbonatites and
Basaltic Rocks
Material No. of
Samples
Mean
Oceanic basalts*
Continental
basaltic rocks*
Ooeanic and
continental
basaltic rooks
combined*
Carbonatites
(1961), *Reported by
11
14
.7072
.7082
1.0003
.0003
25 .7078 ±.0002
21 .7065 t.0003
Faure and Hurley (1962), and by
1.0011
±.0010
,.0012
±.0012
Paure
The data reported in Table 7.2 show that the value
of C' calculated from the measurement of the sr87/sr86 ratio
in 21 carbonatites is identical to that obtained by Faure
and Hurley in their analyses of 25 basaltic rooks. This
indicates that the material from which carbonatite is
derived is as homogeneous in its Sr87/sr86 ratio as is the
source material of basalt magma.
The difference between the mean Sr87/sr86 ratios in
continental basaltic rocks and carbonatites is 0.0017, and
the standard deviation of this difference is 0.0004. Since
the difference is more than four times greater than its
~M200-
standard deviation it is significant at confidence limits
greater than 99.99 per cent (Hodgman, 1957, p. 236).
It is possible to calculate the Rb/Sr ratio of the
source material of carbonatite by using equation (1) of
Chapter II. Assuming that t a 4.5 billion years, the age
of the earth, that the primordial Sr87/Sr86 ratio is
0.7004 + 0.002 (Gast, 1960), and that the mean Sr87/Sr86
ratio in carbonatites is 0.7065 ± 0.0003, the Rb/sr ratio
of the source material of carbonatite is calculated to
equal 0.032 t 0.012. The error is the limit of uncertainty
and does not reflect the precision of this value. Faure
(1961) found that the Rb/Sr ratios of the source material
of oceanic basalts and of continental basaltic rocks were
0.036 ± 0.011 and 0.041 ± 0.011 respectively. The large
limits of uncertainty attached to these figures are due
principally to the standard deviation of 0.002 assigned to
the primordial Sr 87/%r8 6 ratio.
Higazy (1954) has found the average concentration
of rubidium in carbonatites to be less than 1 ppm. A
conservative estimate of the average concentration of
strontium in carbonatites is 5000 ppm (see Table 1.1).
Accordingly, the Rb/Sr ratio of carbonatites is in general
less than 1/5000, or less than 0.0002, although the Rb/Sr
ratio o.' their source material was calculated to equal
0.032 ± 0.012. The process which has produced carbonaw
tites has therefore caused an enrichment in strontium and
(or) a depletion in rubidium in carbonatites relative to
their source material.
III. CONOLUSIONS
The precision error calculated from the analyses of
the Sr87/Sr86 ratio in 21 carbonatites is lower than that
calculated from 19 analyses of the strontium standard.
Therefore, even though slight differences are believed to
exist among the Sr8l/Jr86 ratios in carbonatites, purely
on a statistical basis their ratios are identical. The
mean Sr87/3r86 ratio in 21 carbonatites is 0.7065 1 0.0003.
A comparison with the data reported by Faure and Hurley
(1962) shows that the source material of carbonatite is
as homogeneous in its Sr87/Sr86 ratio as is the source
material of basalt magma.
The mean Sr87/Sr86 ratio in carbonatites is difm
ferent from the mean ratio in continental basaltic rocks
at confidence limits greater than 99.99 per cent.
The Rb/Sr ratio of the source material of carbon-
atites is calculated to equal 0.032 + 0.012, where the
error expresses the limits of uncertainty rather than the
precision. The Rb/Sr ratio of the carbonatites themselves
is less than 00002. These facts indicate that carbona.
tites have undergone a strong enrichment in strontium and
(or) a depletion in rubidium relative to their source
material.
The implications of these conclusions with regard
to the petrogenesis of carbonatites will be discussed in
Chapter VIII.
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CHAPTER VIII
THE PETROGENESIS OF CARBONATITE
I. INTRODUCTION
The data that have been presented will be reviewed
in this chapter0 and their bearing on: (1) the mode of
emplacement of carbonatites, (2) the genetic relations
among members of oarbonatitelmalkaline rook complexes, and
(3) the nature of the primary material from which these
rocks are derived will be discussed.
II. MODE OF EMPLACEMENT
Review of Prgliminary Results
In order to determine the extent to which Sr87
migrates in carbonate rooks Sr87/sr86 ratios were measured
in: (1) an unmetamorphosed limestone, (2) a 3mall, comf.
plately recrystallized xenolith of this limestone, and
(3) a gabbro in which the xenolith was enolosed. The
Sr 8 7 /3r 8 6 ratios of the limestone and the xenolith were
found to be identical and equal to 0.712, even though the
grbbro had a ratio of 0.708. Therefore$ no migration of
Sr87 into or out of this xenolith had occurred. If
migration of Sr87 does not take place in small carbonate
xenoliths, it can hardly be effective in ones the size
of many oarbonatite, that is hundreds or thousands of
square feet in area.
In addition to this study of a limestone xenolith,
the Sr87/Sr86 ratio in a sample of marbleized Madison
limestone was found to be Identical to that of an unmeta-
morphosed specimen, A metamorphosed limestone associated
with the igneous complex at Ice River, British Columbia,
had a Sr87/sr 86 ratio which was different from that of
the igneous rocks and typical of Paleozoic limestones.
These facts support the conclusion that migration of Sr87
in carbonate rocks is negligible.
A survey of the available information showed that
sedimentary carbonate rocks less than approximately one
billion years in age have Sr87 /sr 8 6 ratios varying from
O.709.*0713. Since rigration of Sr87 in carbonate xeno"
lithe is negligible, in general a xenolith of limestone
less than one billion years in age which was enclosed in
an igneous rock related to basalt would be distinguishod
by the fact that its Sr87/S r86 ratio would be measurably
higher than that of the igneous rock.
loJ.ental .19sultjA
The igneous complex at Oka, Quebec was the most
informative example studied in this investigation. Many
geologists consider the calcite rock at Oka to be a large
mass o.f mobilized Grenville limestone, even though the
complen has many features typical of the carbonatite-.
alkaline rock association. The Sr87/Sr86 ratio of the Oka
calcito rock was found by a triplicate analysis to equal
0.7062 ; 0.0003. A triplicate analysis of the Sr87/Sr86
ratio Xn the Grenville limestone was made, and when this
result was averaged with those published by other workers
the mean Sr87/sr86 ratio in rubidium-poor Grenville rocks
was fond to equal 0.7102 1 0.0004. The difference between
this value and the Sr87/Sr86 ratio in the Oka calcite rock
is about eight times larger than its standard deviation,
and is therefore highly significant.
Since the Sr8 7 /Sr 8 6 ratio of the Oka calcite rock
is staistically different from that of the Grenville
carbonate rocks, and since diffusion of Sr87 in carbonate
xenoliths has been shown to be negligible, the Oka calcite
rock it3 not a xenolith of Grenville marble, This conclusion
is supported by the fact that the Oka complex has a
Monteregian age of 90 million years rather than of Grenville
-206
age of 1000 million ytars.
It can be argued that the calcite rock at Oka is
a xenolith of a carbonate rook other than the Grenville
marbe. Howevar, Rowe (1958, p. 82) and Maurice (1957,
pp. 3-4) do sot favor this hypothesis. The Sr 8 7 /Sr 8 6
ratio of te Oka calcite rock, 0.7062 ± 0.0003, Is
ficantly 1lower than those commonly found in limestones.
For ervple, a sample of the Ordovician Trenton limestone,
colls;;ed about 30 miles from Oka, was found to have a
Sr8 86 ratio equal to 0.712. The evidence therefore
riccaes that the Oka calcite rock did not have a xenom
4ithic mode of emplacement. This does not preclude the
poes.bility that the 002 at Oka was ultimately derived
from Grenville limestone by complete assimilationt however
this topic more properly belongs in a discussion of source
materls.o'
In another example, the Rocky Boy carbonatite was
found Oo have a sr87 /sr 8 6 ratio which was measurably
dilforont from that of the Madison limestone found at the
contact of the Rocky Boy stock. Although the carbonatite
occurs as "veinlike" bodies and could not be considered a
simplo xenolith, this result indicates that it is not a
highl'y mobilized xenolith of Madison limestone. Similarly,
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the Sr 8 7/Sr 8 6 ratio in the Spitzkop carbonatite was
found to be measurably different from that of the Trans..
vaal dolomite.
Th sr87/sr86 ratios in the Oka and Rocky Boy carbon-
atites, ta addition to being different from those of nearby
limestones, were identical to the ratios in the associated
alkaline rocks. The Sr8 7/sr86 ratios in the carbonatites
at Magnet Cove, Arkansas and Iron Hill, Colorado were also
found to be identical to those of the alkaline rocks. No
limestone outcrops near these complexes.
Advocates of the limestone syntexis hypothesis have
argued that the fact that limestone does not outcrop near
a particular alkaline complex does not disprove their
theory since limestone could occur at depth and not be
exposed at the surface. This argument could be applied
to the complexes at Magnet Cove and Iron Hill. Similarly,
it could be argued that the Oka and Rocky Boy carbonatites
are xenoliths derived from a deep-seated and unexposed
limestone.
If these four carbonatites are xenoliths, the
limestones from which they were derived must by chance
have had Sr87/Sr86 ratios which were identical to those
of the invading alkaline magmas. The values of the
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Sr87/3r86 ratios in these carbonatites are 0.7062, 0.7087,
0.7076, and 0.7076. Limestones younger than one billion
years in age in general have ratios varying from 0.709 to
0.713. Therefore not only must the four limestones from
which the "xenoliths" were derived fortuitously have had
ratios identical to those of the alkaline magmas, but
these ratios must themselves have been different from
those usually found in limestones. Although such coincift
dental situations are not impossible, it can at least be
said that they are unlikely to occur. Shand (1950, p. 326)
in discussing the choice between imagining a deep-seated
limestone in the Archean and imagining a carbonate magma
of unknov origin, chose to imagine the deep-seated lime"
stone since this choice "puts the smaller strain on the
imagination." If Ghand's example is to be followed in
this case and the solution chosen which least strains the
imagination, it must be concluded that the carbonatites at
Oka, Rocky Boy, Magnet Cove, and Iron Hill are not xeno-
lithe of limestone.
Much of this reasoning can be applied to each of
the 21 carbonatites analyzed. The Sr87/Sr86 ratio in
each of these carbonatites was lower than the ratios
usually found in limestones. If these carbonatites are
xenoliths, then each of the limestones from which they
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were derived must have had an unusually low Sr87/Sr86
ratio. It must be admitted, however, that carbonatites
typically occur in areas underlain by Precambrian rocks.
Since ancient carbonate rocks tend to have lower 3r87/Sr86
ratios than younger ones the low ratios in carbonatites
could be interpreted as being consistent with the hypo-
thesis that they are xenoliths of Precambrian carbonate
rooks.
The very small range of Sr87/sr86 ratios observed
in carbonatites indicates that their source material is
homogeneous with respect to its Sr87/sr86 ratio. This
conclusion is not compatible with the hypothesis that
carbonatites are xenoliths of limestones which are ran-
domly encountered by rising alkaline magmas.
It has been shown that the Oka, Spitzkop, and Rocky
Boy carbonatites are not xenoliths of limestones which
either have been or could be suggested as their parent
material. The carbonatites in the Oka, Rocky Boyp Iron
Hill, and Magnet Jove complexes were found to have
sr 8 7 /Sr 8 6 ratios which were the same as those in the
associated alkaline rocks, Diffusion of Sr 87 has been
shown to be negligible in carbonate xenoliths. Therefore,
if these carbonatites are xenoliths the limestones from
which they were derived must fortuitously have had
Sr87/Sr86 ratios which were identioal to those of the
alkaline magmas which passed through them.
The Sr87/Sr86 ratios in each of 21 carbonatites
analyzed were lower than those found in most limestones
and were typical of those in igneous rocks. In order for
the hypothesis that these carbonatites are xenoliths of
limestone to be consistent with the strontium isotopic
evidence, the following requirements must be satisfied:
1. Each of the 21 limestones from which they were
derived must have had a Sr87/Sr86 ratio lower than
those observed in limestones less than one billion
years in age.
2. In at least the four cases mentioned above the
Sr87/3r86 ratios of the limestones must by chance
have been identical to those of the alkaline magmas.
3. The Sr87/sr86 ratios in these randomly encountered
limestones must have been practically identical.
It is improbable that these requirements could be
met in nature. The writer concludes on the basis of this
evidence that carbonatites are not xenoliths of sedimentary
carbonate rocks. This conclusion has strong geological
support.
Other modes of emplacement which have been suggested
for carbonatites are magmatic action, hydrothermal
replacement, and gaseous transfer. Rocks formed from the
same magma by either of these three mechanisms would have
identical Sr87/Sr36 ratios. Therefore although the
strontium isotopic evidence indicates that carbonatites
and the associated alkaline rocks are comagmatio, it does
not allow a choice to be made between these three alterna-m
tives. The geological and phase equilibria evidence
reviewed in Chapter I, however, does not support the theory
that carbonatites are formed by gaseous transfer. Most
investigators have concluded that carbonatites, while
modified in many cases by hydrothermal replacement, have
in general had a magmatic mode of formation.
By combining the strontium isotopic evidence, the
results of phase equilibria investigations, and the geo-
logical evidence, this writer concludes that the carbona-
tites are not xenoliths of sedimentary carbonate rocks,
but that they have been formed by magmatic crystallization.
III. GENETIC RELATIONS BBTWEEN MEMFBSRS
OF THE COMPLEXES
The evidence discussed in the preceding section
indicated that the carbonatites and associated alkaline
rocks are comagmatic, The strontium isotopic evidence
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obtained in this investigation does not allow the theory
that alkaline rocks are formed by fenitization to be tested.
However some information regarding this process may be
obtained from the data on the Magnet Cove complex. The
outermost member of this complex, the "Diamond-Jo"
nepheline syenite, was found to have a sr87/sr86 ratio
identical to that of the other rooks of the complex. If
this syenite had been derived by a prooess of fenitization
of the Stanley shale, which surrounds the Magnet Cove come
plex, its Sr87/Sr86 ratio would probably have been higher
than that of the other rooks because of the addition of
radiogenic strontium from the shale. Since this was not
the case, it appears that the Diamond-Jo syenite was not
formed by fenitization.
It would be possible to test the effectiveness of
the fenitization process by using Sr87/sr 86 ratios. For
example, the alkaline rooks of the Aln8 complex are
believed by von Bckermsnn (1948) to have been formed by
fenitization of the surrounding Precambrian gneisses.
The Sr87/sr86 ratio in these ancient gneisses is undoubtedly
very high. Therefore if von Eckermann's conclusion is
correct, a progressive decrease in the 3r87/Sr86 ratio
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should be found in samples collected at regular intervals
from the gneisses, through the alkaline rooks, and into
the central carbonatite.
The fact that the carbonatites in four complexes
have Sr87/Sr86 ratios which are identical to those of the
associated alkaline rooks indicates that in each complex
the carbonatite and alkaline rocks are comagmatic. It is
reasonable to conclude that in general carbonatites and
associated alkaline rocks are comagmatio. The data
obtained in this investigation do not indicate the import-
ance of fenitization, and do not show the relative sequence
of differentiation or emplacement among the rooks of a
particular complex.
IV. NATURE OF THE PRIMARY MATERIAL
Gource of 002
When comparing the Sr87/Sr86 ratios in carbonatites
to those of possible source materials it is important to
bear in mind that the strontium and the 002 in carbona-
tites could possibly have had different sources. This
would be the case if, for example, the 002 in a limestone
could be removed and dissolved in an alkaline magma
without being accompanied by the alkaline earths present
in the limestone. Wyllie and Tuttle (1960) have shown
that heating of limestone to magmatic temperatures could
cause decarbonatization, and therefore it is possible
that 002 could be removed from heated limestones without
being accompanied by calcium and strontium.
This hypothetical process suffers from a number of
disadvantages. First, although 002 is certainly soluble
in alkaline magmas it is not obvious why the 002 expelled
from a limestone heated by an adjacent magma would be
dissolved in the magma, rather than escaping to the sur-
face. Second, many carbonatite complexes occur in areas
devoid of limestone. Third, the theory does not explain
the origin of carbonatites which occur unaccompanied by
alkaline rocks. To be in accord with this theory the 002
in these carbonatites must have been derived from a heated
limestone, and their Cao and SrO must have originated in
the magma which caused the heating. Yet there is no evi-
dence in these cases that such magmas existed, because no
silicate rocks are found in association with the carbona.
tites. Fourth, it is difficult to explain the high cone*
centrations of trace and minor elements in carbonatites by
this mechanism.
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In view of these facts@ it is in this writer's
opinion more logical to assume that the strontium and the
C02 in carbonatites have the same source.
In Figure 8.1 the Sr87/Sr86 ratios in the rook
types pertinent to this discussion are presented in the
form of histograms. The data for carbonatites were
obtained in this investigation and were listed in Table
7.1. The Sr87/Sr86 ratios in basaltic rocks were taken
from Faure (1961), The sources of the data for limestones
were given in Table 5.2.
It is apparent from the data presented in Figure 8.1
that the Sr87/Sr86 ratios of carbonatites are quite dif-
ferent from those of limestones, and in an earlier section
it was shown that carbonatites in general are not xenoliths
of limestone. It is still possible, however, that the 002
in carbonatites is resurgent, that is, derived from sedi-
mentary carbonate rocks. This would be the case if a
basaltic or granitic magma which had completely dissolved
a limestone differentiated to produce a residual carbona-
tite magma. The Sr87/Sr86 ratio in this carbonatite would
be identical to that of the primary magma, even though its
002 would be resurgent. This theory is in effect the
-216-
No. I CONTINENTAL
VOLCANIC ROCKS
No. 2 OCEANIC
BASALTS
No 3 SEDIMENTARY
CARBONATE ROCKS
I I I I I I I | I
No. 4 CARBONATITES
FIGURE 8.1 DISTRIBUTION OF Sr /Sre RATIOS
3 
2 k
.704 .706 .708 .710 .712 .714
S r7Sr 86
-217-
Daly-Shand hypothesis with the requirement that the lime-
stone involved be completely assimilated.
The Daly.Shand hypothesis was based on the assumption
that a large amount of basalt or granite magma assimilated
a minor amount of carbonate rock. The Sr87/sr86 ratio of
a magma formed in this way would be nearly identical to
that of the primary magma. Limestones in general have
higher 3r87/Sr86 ratios than basalt magma, and therefore
assimilation could only raise the Gr87/sr86 ratio of the
primary magma. Since granitic magmas could not have lower
ratios than basalt magmas, there is no way in which lime-
stone syntexis involving either of these two primary magmas
could produce rocks with r87/sr86 ratios lower than those
in basalts. Yet figure 8.1 shows that the Sr87/sr86 ratios
in carbonatites are apparently lower than those in conti-
nental volcanic rocks. In Chapter VII the difference
between the mean Sr87/Sr8 6 ratios in carbonatites and In
continental basaltic rocks was shown to be more than four
times larger than its standard deviation. The fact that the
sr87/sr86 ratios of the carbonatite-alkaline rock association
are in general lower then those of continental volcanic
rocks is incompatible with the limestone syntexis hypothesis,
and offers strong evidence that the 002 of carbonatites is
juvenile.
Aomogzeneity of Sourge M,aterial
The small spread of the Sr87/3r 8 6 ratios measured
in the 21 carbonatites is consistent with the hypothesis
that all of them have been derived from similar source
materials by similar geologic processes. This fact also
indicates that the source material is homogeneous with
respect to its Sr87/sr86 ratio. A good measure of the
variation of the data is a , the standard deviation of
a single analysis. For 21 carbonatites, a' = 0.0012,
while Faure (1961) obtained 4' a 0.0012 from the analyses
of 25 basalts. These results indicate that the source
material of carbonatite is as homogeneous in its Sr87/sr86
ratio as is the source material of basalt magma. Basalt
magma is believed to be derived from the upper mantle, and
therefore the strontium isotopic evidence implies that the
source material of carbonatite has a homogeneity similar
to that of the upper mantle.
Site of MIama Generatiop
The Rb/Sr ratio of the source material from which
carbonatite is derived was found to equal 0.032 , 0.012,
where the error expresses the limit of uncertainty rather
than the standard deviation. The Rb/Sr ratio in carbona.t
tites was shown to be on the average less than 0.0002.
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This indicates that the source material of carbonatite
has a rather different chemical composition from their own.
Contrary to the rule in normal magmatic differentiation,
rubidium has been depleted and (or) strontium enriched in
the carbonatites relative to their source material.
It appears that carbonatite magmas have not existed
as such for very long periods of time, but that they have
been derived from some more primary material. The mean
sr87/sr86 ratio in carbonatites is lower than that of any
of the rocks commonly found in the sial, such as shales,
limestones, granites, etc. Partial fusion of highly
carbonaceous shales, for example, could not produce magmas
with Sr87/sr86 ratios as low as those found in carbona-
tites. Similarly, the Rb/Sr ratio of the source material
of carbonatites, 0.032, is different from that of any rocks
usually found in the sial. Faure (1961) lists the following
Rb/Sr ratios in sialic rooks: granite, 1.0; granodioritea
0.28; diorite and andesite, 0.18; and shale, 0.50.
This evidence is interpreted to mean that the source
material from which carbonatites are derived is located
beneath the sial. The homogeneity of the source material
of carbonatites is consistent with the hypothesis that
they are derived from a subsialic source. The geologic
setting in which carbonatites are found is suggestive of
deep-seated activity. They are associated with volcanism,
rift faulting, and rocks such as kimberlites which are
accepted by petrologists as coming from great depth. In
addition, it has been demonstrated in this investigation
that the 002 contained by the carbonatites is probably
juvenile, which requires that it be derived from beneath
the sial. Both. the strontium isotopic evidence and the
geologic evidence point to a subsialic source for carbon.
atites.
Oarbonatites are rare igneous rook types, and it
can be argued that they arise through some specialized
mechanism from an unusual parent material. However,
carbonatites occur in stable crustal areas all over the
world. In addition the carbonatite-alkaline rock associa-
tion has been one of the dominant geological features of
southern Africa. In view of these facts and the fact
that they appear to be derived from a subsialic source,
it seems reasonable to conclude that the carbonatites,
while undoubtedly formed through a specialized mechanism,
have as their source material a rook type which has a
world-wide distribution beneath the sial.
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Oomposition of Source Material
Petrologists generally accept the view that the
subelalic crust has a basaltic composition. Only three
rock types can satisfy the geophysical requirements for
Vthe material which must exist below the Mohorovicic
discontinuity which separates the crust and mantle.
These are eclogite, peridotite, and dunite. Yoder and
Tilley (1961, p. 110) write that "eclogites themselves
are probably the partial melting product of a more primi.
tive rook, presumably peridotite.h On the basis of the
conclusion that carbonatite has a subsialic source of
world-wide distribution, it appears that the possible
choices for the ultimate source material of carbonatite
are basalt magma and the peridotite (dunite) of the upper
mantle. It is interesting to note that this conclusion
is the same as that reached by many geologists studying
the field and petrographic relations of carbonatites.
The hypothesis that carbonatites are derived from
basalt magma can be tested by comparing the Sr87/3r86
ratios in carbonatites with those of basaltic rooks.
Since carbonatites are found only in continental environ-
ments, their 3r87/3r86 ratios should be compared with
those of continental basaltic rocks. Figure 8.1 shows the
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Sr87/sr86 ration in carbonatites and basic continental
volcanic rooks. The data for continental volcanic rooks
were taken from Faure (1961). His samples included:
andesites from Japan; tholeiitic basalts from the Deccan
plateau, India and the Columbia River plateau; diabases
from New Jersey and Connecticut; olivine basalt from
Iceland; and basalts from Mt. Vesuvius, Yellowstone Park
and Squaw Creek, Montana. This group would appear to be
representative of continental basaltic rocks. The writer
believes that it is legitimate to test the hypothesis that
carbonatites are derived from differentiation of basalt
magma by comparing the mean sr87/Sr86 ratios of carbona-
tites and of this group of rocks. The mean Sr87/Sr86
ratio in 21 carbonatites was found to equal 0.7065 t 0.0003v
while the 14 continental basaltic rocks analyzed by Faure
had a mean sr87/zr86 ratio equal to 0.7082 + 0.0003. The
difference between the mean sr87/sr86 in the carbonatites
and In the continental basaltic rocks is equal to 0.0017
± 0.0004. Since this difference is more than four times
larger than its standard deviation it can be considered
highly significant.
Additional evidence regarding the Sr87/sr86 ratio
in continental basalt magma is provided by Faure and
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others (1962). They report initial 3r7/Gr86 ratios in
six continental basic intrusives: the Skaerguard intrusive,
the Duluth gabbro, the Endion sill, the Sudbury norite,
the 3tillwater complex, and the Bushveld complex. The mean
initial Gr87/r 86 ratio in these six is 0.7079, signifim
cantly higher than 0.7065, the mean Gr37/Sr86 ratio in
carbonatites. With one exception these intrusives are Pre
cambrian, and because of the addition of radiogenic 3r87
the present day Sr87/3r86 ratio in their source material
is higher than 0.7079. For this reason the difference
between the mean SrS7/3r9 6 ratio in carbonatites and in
the source material of these intrusives is greater than
0.7079 - 0,7065 = 0.0014.
These facts indicate that the GrS7/Sr86 ratios in
carbonatites are lower than those in continental basalt
magma. It is concluded that in general carbonatites are
not formed by differentiation of basalt magma.
By elimination of this possibility the conclusion
is reached that the most probable source material of the
carbonatite-alkaline rock association is the peridotite of
the upper mantle. This conclusion, which is based pri-
marily on the low Sr87/3r86 ratios in carbonatites and on
the fact that the upper mantle is considered to be of
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peridotitic compooition, has strong geological support,
much of which was summarized in Chapter I. For example,
4aether (1957) and von 3okermann (1960) reached the con-
clusion that the parent magma of the Fen and Aln8 complexes,
respectively, was of kimberlitic composition. Kimberlite is
closely related to peridotite. Tomkeieff (1961) concluded
that a primary hyperfusible-rich peridotite magma was the
source material of the carbonatite-alkaline rock association.
"trauss and Truter (1950) suggested that the parental
material which gave rise to the Spitzkop complex was of
peridotitic composition. King and Outherland (1960, p. '719)
present a schematic diagram showing how the carbonatite-
alkaline rock association can be derived from a carbonated
alkali peridotite. Harkin (1959, p. 166) writes:
There is increasing support for the view that
carbonatites and kimberlites have closely related
origins, and it is supposed that the ultimate source
of both may be in the earth's peridotite layer.
thile the parent material giving rise to the
carbonatite-alkaline rock association is believed to be a
peridotite, the primary magma derived by partial melting
of this peridotite would undoubtedly be enriched in alkalis
and volatiles and might in some cases approach kimberlite in
composition. It is well known that kimberlites contain
carbon in two forms, diamond and calcite. Watson (1955)
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described a kimberlite at Bachelor Lake, Quebec which oon-
tained from 12 to 45 per cent calcite, much of which was
considered to be primary. He noted (1955, p. 572) that
"kimberlites very rich in 002 * * * are common . . .
Boyd and England (1961, p. 47) write, "The primary minerals
in diamond-bearing kimberlite intrusions are probably the
most reliable samples of the upper mantle." Since kimber-
lites contain primary calcite this conclusion supports the
hypothesis that primary 002 exists in the upper mantle.
Kimberlites are also enriched in many of the minor and
trace elements which characterize the oarbonatites (Dawson,
1961). It is therefore quite possible, as Harkin has
suggested, that a close relation exists between kimberlite
and carbonatite, and that both originate from partial
melting of a peridotite at great depth. Although no measure-
ments of the 3r87/3r86 ratios in kimberlites or peridotites
are available, a study of the Sr37/Sr86 ratios in calcite
from such rocks would be of great interest.
Once a volatile-rich magma had been formed by partial
melting of a peridotite at high pressures, a number of
possibilities would exist for the generation of other rock
types. A combination of differentiation and diffusion, as
described by Saether (1957), could concentrate 002 and
other trace and minor elements to produce carbonatite magmas.
If these escaped from the main magma chamber they might
react with deepfseated basaltic or granitic rooks along
the lines suggested by Harkin (1960) and Holmes (1950).
Differentiation of a kimberlitic magma oculd give rise
to the ijolite and syenite suites in accordance with the
theories of Backlund (1932), King and Sutherland (1960,
p. 719), and Tomkeieff (1961). The similarity between
kimberlite and olivine-amelilitite pointed out by Holmes
(1936) might explain the association of melilite-trich
rocks and carbonatites.
Rb/Sr Ratio in the Upper Mantle
Yoder and Tilley (1961) have provided evidence from
phase equilibria studies which supports the hypothesis that
more alkaline magmas are generated at greater depths in the
mantle than are the normal basaltic types. These authors
show that it is possible for one magma on fractionation at
different pressures to produce the two principal magma
types, tholeiitio and alkaline basalt. The alkaline basalts
ae believed to be formed at higher pressures, that is, at
greater depths in the mantle. The authors use the Hawaiian
Islands as an example, and explain the successive appearance
there of tholeiitic lavas, alkaline-basalt lavas, and nephew
line basalt as the result of magma generation at successively
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deeper levels in the mantle, Thus partial melting of
peridotite at different depths in the upper mantle could
give rise to tholeiltic magmas, alkaline olivine-basalt
magmas, or volatile rich alkaline magmas of the type
which could lead to the formation of the carbonatite associ.
ation.
The data presented in Figure 8.1 show that contim
nental volcanic rocks, oceanic basalts, and carbonatites,
in that order, appear to have progressively lower Gr37/Sr86
ratios. If these three groups are derived from succes-
sively deeper levels in the mantle, these data imply that
the Sr87/%r86 ratio may decrease slightly with depth in the
mantla. This in turn would require that the Rb/Sr ratio
decrease with depth in the mantle. It is generally accepted
that the radioactive elements U, Th, and K have suffered an
upward concentration in the earth. Since rubidium and
potassium are geochemically coherent elements, it is reason-
able to assume that rubidium has also suffered an upward
concentration. This line of reasoning implies that rubi-
dium is relatively depleted at successively greater depths,
and supports the hypothesis that the Rb/sr ratio may
decrease with depth in the upper mantle.
The fact that the Gr87/3rS6 ratios in carbonatites
are lower than those which would result from assimilation
of limestone by either basaltic or granitic magma shows
that carbonatite-alkaline rook complexes are not formed by
limestone syntexis. This conclusion indicates that the
002 in carbonatites is juvenile.
The Rb/3r ratio calculated for the source material
of carbonatite is much higher than the Rb/3r ratio of the
carbonatites themselves. This implies that the carbona-
tites have been derived from a parent material whose com-
position was rather different from their own. The Rb/Sr
ratio of the source material of carbonatite and the
Sr?7/Sr86 ratios of the carbonatites are different from
those of common sialic rocks, and are more typical of mafic
and ultramafic rocks. These facts, combined with the
eeological evidence, indicate that the carbonatites origi-
nate beneath the sial.
According to the geological evidence the possible
source materials of the carbonatite-alkaline rock associa-
tion are either normal continental basalt magma or material
of peridotitic composition. The Sr87/Sr86 ratios in
carbonatites are significantly different from those in the
continental basaltic rocks measured by Faure (1961).
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Therefore, the most probable source material of the carbon-
atites is peridotite. This conclusion, based on the
strontium isotopic evidence, has strong geological support.
A magma formed by partial melting of peridotite at
depth would be enriched in volatiles and alkalis and might
in some cases approach kimberlite in composition. Differ-
entiation combined with diffusion of volatiles in this
peridotitic or kimberlitic magma, as described by "aether
(1957), could give rise to the carbonatiteaalkaline rock
association.
Rooks which on geological grounds and on the basis
of phase equilibria evidence are believed to come from
greater depths than normal basalt magma appear to have
lower Sr87/sr86 ratios than basalts. This is consistent
with the hypothesis that the Sr37/Sr86 ratio, and therefore
the Rb/r ratio, decreases slightly with depth in the
mantle. This hypothesis is in turn consistent with geo-
chemical data regarding the upward concentration of alkalis
in the earth.
V. CONCLUSIONS
Mode of ERlacement of Carbonatites
The strontium isotopic evidence presented in this
and preceding chapters is incompatible with the limestone
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syntexis hypothesis. In two specific oases a carbonatite
is shown not to be a xenolith of a nearby sedimentary
carbonate rook. It is concluded that carbonatites do not
have a xenolithic mode of emplacement.
Gaseous transport and deposition of carbonates to
form carbonatites appears to be very unlikely as a result
of the experimental work of Wyllie and Tuttle (1960).
Origin of carbonatites through hydrothermal replacement
is in general not compatible with the geologic evidence,
although no conclusions regarding this mode of formation
can be made from the strontium isotopic evidence,
The combined results of field investigations, phase
equilibria studies, and strontium isotope geology indicate
that the carbonatites have had a magmatic mode of emplace-o
mont.
Genetic Relations Between Members of the Complexes
In the four complexes investigated the Sr87/Sr86
ratios in the carbonatites were found to be identical to
those of the alkaline rocks. It is concluded that in
general the carbonatites and associated alkaline rocks
are comagmatic. The strontium isotopic data do not denote
the importance of fenitization, and do not reveal the rela-
tive sequence of differentiation within particular complexes,
Nature of the Primary Haterial
The conclusions reached with regard to the mode of
emplacement of carbonatites, as well as the low ar8?/Sr86
ratios in carbonatites, indicate that their 002 is Juvenile,
not resurgent. The Rb/Sr ratio calculated for the source
material of carbonatites is much larger than the ratio
observed in the carbonatites themselves, which shows that
they have been derived from a source material whose com--
position was somewhat different from their own. The Rb/Sr
ratio of their source material is different from that of
any common sialic rocks and is typical of mafic and ultra..
mafic igneous rooks. The Sr87/Sr 86 ratios of carbonatites
are also lower than those of sialic rocks. These facts,
combined with the geological evidence, indicate that carbon..
atites originate beneath the sial.
The Sr87/Sr86 ratios in carbonatites are signifi-
cantly lower than those determined in continental basaltic
rocks by Paure (1961). This is interpreted to mean that
carbonatites are not formed by differentiation of conti-
nental basalt magma.
It is concluded that carbonatites originate by
partial melting of peridotite at depth in the mantle.
The liquid thus produced is believed to be enriched in
volatiles and alkalis relative to the peridotite itself,
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and possibly in some cases to approach kimberlite in
composition. The mechanism by which the 002 and rare
constituents are concentrated to form carbonatite is
believed to be a combination of diffusion and differk
entiation as described by Saether (1957).
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CHAPTSR IX
THE PETROGENESIS OP THE ALKALINE ROCKS
A SUGGESTION FOR PURTHER STUDY
I. INTRODUCTION
The objective of this investigation has been the
application of the 3r87/Sr86 ratios in carbonatites to the
problem of their origin. Since the geologic and isotopic
evidence indicates that the carbonatites and associated
alkaline rocks are comagmatio, any conclusions reached
with regard to the source material of carbonatite must also
apply at least in part to the source material of the alka-v
line rocks,
The origin of the alkaline rocks has been one of the
most debated subjects in petrology. Most current writers
feel that all alktaline rooks may not have been formed in
the same way, and that the leucite--rich rocks and the ljo-
lites, for instance, may have different origins. Some of
the theories which have been offered are: (1) differentio
ation of primary olivine basalt magma, (2) limestone
syntexis, (3) metasomatism of country rocks by alkaline
solutions, (4) differential fusion of deep-seated crustal
rocks, and (5) reaction between primary carbonatitic fluids
and granitic country rock.
II. TIE ISOTOPIC COMPOSITION OF STRONTIUM
IN ALK&LINE ROOKS
In the course of this investiga4ion five alkaline
complexes were studied in detail. The results of these
measurements are summarized in Table 9.1.
It will be recalled that Faure and Hurley (1962)
obtained a mean of Gr87/3,86 = 0.7078 t 0.0002 for 25
oceanio and continental basaltic rocks. The 14 conti-
nental basaltic rocks included in this total gave a mean
of Sr8 7 /sr 8 6 a 0.7082 ± 0.0003. With the exception of
the Rocky Boy stock, all the alkaline complexes listed
in Table 9.1 have 3r 87 /sr 8 6 ratios which appear to be
slightly lower than the mean ratio of the continental
basaltic rocks.
It may also be possible to determine approximately
the sr87/Or86 ratios in alkaline rocks associated with
carbonatites by the following indirect argument. The mean
Sr87/Sr86 ratio of 21 carbonatites was found to equal
0.7065 ± 0.0003. In four of these 21 cases the carbona..
tite and the associated alkaline rocks were found to have
identical Sr87/ar86 ratios. It is logical to assume that
in the other 17 cases the carbonatites and alkaline rocks
are comagmatic and have identical 3r87/0r86 ratios0
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Table 9.1 The Isotopic Composition of Strontium
in Alkaline Complexes
Locality Rook Types Analyzed
Oka, Quebec
Magnet Cove,
Arkansas
Iron Hill,
Colorado
Rocky Boy,
Montana
Ice River,
B. C.,
0.7065
±0.0003
0.7073
±0.0003
0.7067
±0.0009
0.7098
±0.0007
0.7066
±0.0015
Carbonatite, okaite, ijolite,
aln8ite.
Carbonatite, monchiquite,jacupirangite, nepheline
syenite, garnet from ijolite.
Carbonatite, pyroxenite,
uncompahgrite, nepheline
syenite.
Carbonatite, syenite,
biotite pyroxenite.
Nepheline syenite,
jaoupirangite.
*Mean and standard deviation of the mean calculated
from the analyses of the rock types listed.
(4)*
Srcorr
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By this line of reasoning the conclusion is reached that
the mean 3r 87/3r 86 ratio in alkaline rocks associated with
oarbonatites is approximately 0.7065 t 0.0003, EzmJination
of the results listed in Table 9.1 shows that with the
exception of the Rocky Boy stock the 3r87/sr86 ratios of
the rocks from the alkaline complexes which were studied
are not statistically different from 0.7065 t 0.0003.
These arguments support the hypothesis that both the sili.
cate rocks and the carbonatites of carbonatite-alkaline
rook complexes originate by partial melting of a deeps
seated peridotite.
It is reasonable to conclude that at least some of
the alkaline complexes which lack carbonatite have the
same origin as those which contain it. The Ice River
complex, British Columbia is an example of such an alka-
line rook body. As shown in Table 9.1 the mean 3r87/sr86
ratio in the Ice River igneous rocks was found to equal
0.7066 j 0.0015, which is not measurably different from
the mean ratio in carbonatites. This is consistent with
the hypothesis that the magma which formed the Ice River
complex was derived by partial melting of peridotite.
Two alkaline rocks of a somewhat different nature
were also analyzed in this investigation. These were a
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katungite (olivine melilitite) from the Toro-Ankole volcanic
field and a leucite basanite from the Birunga volcanic field,
both of which occur in the Western Rift area of East Africa.
The rocks of this area are among the most unusual igneous
types yet described, some of them being both ultremafic and
rich in potassium. Among the other areas of the world in
which this volcanic association occurs are the Roman Pro,&
vince of western Italy, the Laaoher See district of Germany,
and the Leucite Hills area of Wyoming.
A number of different theories have been advanced to
explain the origin of the ultramafic potassic magmas charac-.
terizing these areas. The petrogenesis of the lavas of the
Western Rift has been discussed in particular by Holmes
(1937, 1940, 1950, 1952, 1956; Holmes and Harwood, 1936),
His latest theory (1950) accounts for the origin of these
rocks by reaction between magmatic carbonatite and sialic
crustal rocks of granitic composition. This theory received
some very strong geochemical support from the work of Higaay
(1954) who demonstrated that these volcanic rocks are rich
in many of the same elements that are so strongly concen-
trated in carbonatites, for example Ba, Sr, Zr, La, and Y.
It is difficult to account for this geochemical peculiarity
by appealing to limestone syntexis or fractional crystal-&
lization of normal magma types.
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Waters (1955) believes that these rooks may arise
through melting of hornblende and biotite residues left
by removal of complementary anatectic granitic liquids.
He maintains that the trace elements which are enriched in
these lavas are exactly those that are accumulated in minor
accessory minerals of metamorphic biotites.
According to Waters' view, the strontium present in
these volcanic rocks is strontium that has existed in bio-
tites since Precambrian time. Biotites have Rb/Sr ratios
which in general are higher than those of any common igneous
minerals. The 3r 87/3r86 ratio in Precambrian biotites is
therefore much higher than 0.708, and the Sr87/Sr 8 6 ratio
of a magma formed by melting of these ancient biotites would
also be considerably higher than 0.708,
On the other hand, if Holmes' theory is correct the
strontium in the volcanic rocks would be a mixture of that
in the granite and in the carbonatite magma. The 387/ar86
ratio in the ancient granites with which the carbonatites
are presumed to react would be much higher than 0.708
because of their high Rb/Sr ratios. However, carbonatites
on the average contain 50 or 100 times as much strontium as
granites. Therefore the Sr87/sr86 ratio of a magma pro-
duced by mixing of granitic and carbonatitic liquids would
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probably be only slightly higher than 0.7065, the average
ratio in carbonatites.
The results of the analyses of these two volcanic
rocks are given in Table 9.2. Gast (1961. p. 182) reports
an analysis of a leucitite from the same area as that in
which the leucite basanite occurs. This analysis gave
Sr86/Sr88 a 0.1186 and Sr87/Sr86 = 0.708. Applying the
fractionation correction discussed in Chapter III, the
resulting (Sr87/sr86 )oorr = 0.706. This figure is some-
what lower than that reported in Table 9.2.
The results do not indicate that these rocks have
high Sr87/Sr86 ratios such as would result if waters'
theory is correct. Their ratios appear to be slightly
higher then those measured in carbonatites which is con-
sistent with the theory advanced by Holmes. A comprehen-
sive study of the 3r87/Sr 86 ratios in the rocks from the
Western Rift area might provide much more information
concerning their genesis.
III. SUGGESTIONS FOR FURTHER STUDY
It is suggested that a detailed, world-wide survey
of the isotopic composition of strontium in alkaline rooks
of all types might provide much information regarding
Table 9.2 Isotopic Composition of Strontium in Two Rooks
from the Western Rift Area, East Africa
Rock Type
and Locality
Sr8?
Date (Srr
8 .
Srw8 corr
Katungite
Katunga, Uganda
Leucite Basanite
Lake Kivu area
Sample
Number
R4835
R4837
1/28/62
1/30/62
No. of
Scans
.1198
.1197
QUal*
*7091
.7108
.7103
.7117
78
72
good
good
their origin. For instance, if such a study showed that
one or more particular alkaline types had Sr87/sr86 ratios
lower than those of basalt magma, the following conclusions
could be drawn. First, no ancient sialic material could
be involved in their formation. Second, a hypothesis of
assimilation of limestone by either granitic or basaltic
magmas could be eliminated since such a process would not
produce magmas with Sr87/sr86 ratios lower than those of
basalts. The hypothesis that some alkaline rocks are
formed from metasomatic replacement of ancient sialio
material by alkaline solutions might also be tested in
this way.
The genesis of the ultramafic potassic lavas such
as those found in the Western Rift valley of East Africa
and the Laacher See area of Germany could be investigated
by this method. Only a few measurements would be required
to determine whether such rocks are produced by anatexis
of older potassium-rich rocks or minerals.
Another problem concerning the origin of alkaline
rocks is the genetic relation between associated granites
and saturated or undereaturated syenites. If these rocks
are comagmatic their initial Sr87/Sr86 ratios and geologic
ages should be found to be identical.
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The data obtained in this investigation are con-
sistent with the hypothesis advanced by Yoder and Tilley
(1961), that alkaline magmas are formed by partial melting
of a peridotite at high pressures. A study of the Sr87 /Sr86
ratios in different lava types from the Hawaiian Islands,
for example, might provide more evidence regarding the
hypothesis that the alkaline rocks are derived from greater
depths than normal types and have lower Sr 87/sr8 6 ratios
because of the decrease in the Rb/Sr ratio of the upper
mantle with depth.
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CHAPTER X
THE ABUNDANOS OF Sr87t O8. AND Q13
IN OARBONATITES
I. INTRODUCTION
Baertsch (1951, 1957) has reported measurements of
the isotopic composition of oxygen and carbon in carbona-
tites. Through the courtesy of Professor Arthur Holmes and
of the Geological Survey Department of Nyasaland several of
the samples which Baertsochi had analyzed were obtained and
their Sr87/Sr86 ratios were measured in this investigation.
Since it has been concluded that carbonatites are magmatic
and that they are derived from great depth a comparison of
the abundances of Sr87, 018, and 013 in carbonatites is of
interest.
II. ANALYTICAL RESULTS
The abundances of Sr87, 018, and 013 in these samples
are listed in Table 10.1. The oxygen and carbon ratios are
taken from Baertsohi (1957. p. 110). With the exception of
the Iron Hill specimen, the strontium isotope ratio measure-
ments and the oxygen and carbon isotope ratio determinations
were carried out on identical samples.
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Table 10.1 Abundance of Sr87,
Locality
18, and 013 in Carbonatites
(moX
Spitzkop, S. Afr. .7064 -
Chigwakwalu Hill, .7080
Nyasaland
Sukulu, Uganda .7056 -
Aln8, Sweden .7052 -
Chilwa Island, .7071 -
Nyasaland
Iron Hill, .7076 -
Colorado -
*For example:
(018/016) sample 
- (018/016)std
OO5 em
20.6
14.3
20.2
22.0
17.1
18.3
20.9
and similarly for gofo .
Sample
Number
04320
04872
04324
04318
04885
04811
-8.0
-6.2
-7.9
-5.2
-6.9
-8.0
X 1000
(018/016) t
Baertschi found that some metamorphosed oarbonate
rocks had oxygen and carbon isotope ratios similar to those
of the carbonatites. He concluded that the isotopic compo-
sition of oxygen and carbon in carbonatites, though con-
sistent with a magmatic mode of formation, did not provide
a criterion by which such a mode of formation could be
recognized.
The fundamental reason that carbon and oxygen iso-a
topic ratios cannot be used as a criterion for distinguish-
ing carbonatites from metamorphic carbonate rocks is that
these ratios are chiefly ftmetions of temperature. For
example a xenolith of limestone heated to a temperature of
7000 0 would have approximately the same 013/012 and 018/016
ratios as a carbonatite which crystallized from a magma at
7000 0,
On the other hand it has been demonstrated in this
investigation that the Sr87/sr86 ratios in carbonate rocks
are not measurably influenced by temperature. For this
reason the isotopic composition of strontium in carbonate
rocks can be used as a criterion for distinguishing carbon-
atites from metamorphic carbonate rocks.
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CHAPTER XI
VARIATIONS OF THE Sr86/sr88 RATIO
I. INTRODUCTION
A total of 76 strontium isotope ratio determinations
have been made in this investigation. The samples which
were analyzed can be divided into four groups: (1) stron--
tium reagents, (2) sedimentary carbonate rocks, (3) carbon-
atites, and (4) igneous silicate rocks. The first two
groups were formed in low temperature environments; the
last two crystallized from high temperature magmas or fluids.
It is of interest to compare the sr86/sr88 ratios measured
in these samples to determine if a difference exists between
the sr86/sr88 ratios of samples formed at low and at high
temperatures. In addition, the results should indicate
whether or not the assumption that Sr86/Sr88 = 0.1194 in
nature is justified.
II. EXPERIMENTAL RESULTS
The analytical techniques used in isotope ratio
measurements were discussed in Chapter III. In general
over 70 consecutive scans were recorded in each run. The
reproducibility of measurement of the Sr86/Sr88 ratio is
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0.00043 or 0.36 per cent (Table 3.3). Sohnetaler (1961,
p. 39) has reported that duplicate runs on the same sample
show that the sr86/sr88 ratio can vary by as much as 0.3021
(1.8 per cent) between successive analyses. Such variations
are caused by isotopic fractionation in the mass speotro-a
meter.
Average Sr86/sr88 ratios were calculated for each of
the four groups listed above, as well as for all analyses
oombined and are reported in Table 11.1. . In Figure 11.1
these data have been plotted in histogram form and a normal
distribution curve fitted to the data for the combined
average 3r86/sr88 ratio.
III. DISCUSSION OF RESULTS
The data reported in Table 11.1 indicate that the
Sr86/sr88 ratios in each of the four groups of samples are
identical. The mean Sr86/sr88 ratio calculated for all 76
analyses is 0.11936 ± 0.000058. Since this figure is
statistically identical to 0.1194, the assumption that the
Sr86/Sr88 ratio is a constant in nature and is equal to
0.1194 is verified.
The data presented in Figure 11.1, Numbers 1.4, are
insufficient in number to indicate whether the Sr86/Sr88
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Table 11.1 Average Sr86/sr88 Ratios
Material sr86/Sr88
Number of
Analyses
Sr003 Reagent,
Eimer and Amend
Sedimentary Carbonate
Rooks
Carbonatites
Igneous Rooks
Combined Average*
*Includes two analyses
(see Chapter 12).
of M.I.T. Sr shelf solution
.1194
.00015
.00048
.1194
.00013
.00049
.1193
.00011
.00055
.1194
.00010
.00049
.11936
.000058
.00050
10
14
27
23
76
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No.I SrCO 3 (IOanalyses)
FnI I I I I I I l I i
No. 2 SEDIMENTARY
~ CARBONATE ROCKS
- (14 analyses)
I I I I I
3 IGNEOUS
analyses)
4
3
2
4
3
2
6
5
4
3
2
IO
No. 5 ALL SAMPLES
(76 analyses)
[71
I I I I I I
.1184 .1188 .1192 .1196 .1200 .1204
Sr /Sr
FIGURE 11.1 DISTRIBUTION OF Sr/ Sr RATIOS
No. 4 CARBONATITES
(27 analyses)
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ratios in any one group conform to a normal distribution.
The data for the combined Sr86/Sr88 ratios, however, do
appear to show a normal distribution.
In order to determine whether this result was statis--
tically verified, the cumulative distribution of the 76
Sr86/Sr88 ratios was plotted on normal probability paper
as shown in Figure 11.2. The points closely approximate a
straight line, indioating that the measured Sr86/Sr88
ratios do conform to a normal distribution.
IV. CONOLUSIONS
The sr 8 6/sr 8 8 ratios measured in each of the four
groups listed in Table 11.1 are statistically identical.
No difference was found between the ratios of samples
formed in low temperature and high temperature environ-
ments,
The Sr86/Sr88 ratios obtained from the 76 analyses
carried out in this investigation conform to a normal
distribution with a mean of Sr86/3r88 = 0.11936 t 0.000058.
Therefore the assumption that the Sr86/sr88 ratio in nature
is equal to approximately 0.1194 is verified.
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I ,I I I I I I I .~--I. I I
.1190 .1194
86 88Sr /Sr
FIGURE 11.2 CUMULATIVE DISTR
RATIOS PLOTTED O
86, 88IBUTION OF Sr /Sr
N PROBABILITY PAPER
CUM
99
98
95
90
-480
70
60
50
40
30
-20
-10
5
2
.1206.1182 .1186 .1198 .1202
-252-
CHAPTER XII
THE ISOTOPIC COMPOSITION OF STRONTIUM IN
THE M.I.T. STRONTIUM SIELF SOLUTION
I. INTRODUCTION
A "shelf" solution is one containing a known con-
centration of an element of normal isotopic composition.
It is prepared by dissolving an accurately known amount of
a pure salt of the element, for example Sr003 or RbCl, in
a solvent. Temperature corrections and impurity cor.
reotions are made to provide an accurate figure for the
concentration of the solution. The shelf solution is then
used to calibrate a "spike" solution.
The isotopic composition of a recently prepared
strontium shelf solution was measured in collaboration with
three other workers in the M.I.T. Isotope Geology Labora-
tory. Three different solid source mass spectrometers
were used in this investigation (Iris, Lulu, and Snagtooth).
II. EXPERIMENTAL RESULTS
This shelf solution was prepared by Professor W. H.
Pinson on March 2, 1961 by dissolving an anhydrous SrN03
reagent (Mallinckrodt, #256, Accession No. 7262-XH) in
2N vyoor distilled HO1. Through the courtesy of Mr.
R. A. Oorkhill of the Mallinokrodt Ohemloal Works (personal
OommunicatIon, 1961) it was learned that the strontium ore
used in the manufacture of this reagent was obtained from
the celestite deposits at Gloucestershire, England. These
are the largest producing strontium deposits. According
to Bateman (1955, p. 796) the celestite occurs in Triassio
marl associated with gypsum.
With the exception of the differences enumerated
below, the analytical techniques used were the same as
those described in Chapter III.
1. The sample was precipitated and mounted as strontium
oxalate rather than strontium nitrate in all cases.
2. All runs on Iris and Lulu were made using filaments
whose dimensions are 0.001 X 0.030 inches. The
third run on Snagtooth was made using a filament of
this same size; in the other runs a filament measur-
ing 0.001 X 0.020 inches was used.
3. Runs on Lulu and Snagtooth were recorded at one time;
the runs on Iris were made over a period of 2-3 days,
with the instrument turned down or off at night.
4. No attempt was made by the operators to duplicate the
very detailed analytical techniques, such as the
amount and shape of the sample placed on the fila-
ment, the number of scans recorded, the operating
temperature, the measurement and analysis of the
chart, etc.
The results of these analyses are given in Table 12.1.
Table 12.1 Isotopic Composition of strontium in the M.I.T.
Shelf Solution
Instrument v 34a;h5~Analysta 087SrCorr
Iris
Iris
s. M.
S. M.
Avg. for Iris
Lulu
Lulu.
Lulu
Avg. for Lulu
Snagtooth
Snagtooth
Snagtooth
Snagtooth
G. F0
G. F.
G. F.
J. P.
M. B.
Jo P.
Jo P.
Avg. for Snagtooth
Combined averageb
.1201
.1192
.1197
.1190
.1192
.1193
.1192
.1197
.1192
.1198
.1201
.1197
.1195
±.00012
1.00037
aAnalysts: M. Bottino, G.
S. Moorbath.
.7127
.7130
.7129
.7151
.7147
.7145
.7148
.7126
.7127
.7124
.7143
.7130
.7136
.00036
1. 0011
Faure, J.
.7148
.7124
.7136
.7140
.7141
.7142
.7141
.7135
.7121
.7136
.7164
.7139
.7139
.00O043
t.0013
Powell,
boalculated from the individual analyses on each
instrument.
No.of
Goans
218
142
84
96
66
102
84
90
96
.,r6
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The value of 0' calculated from the nine analyses Is
0.0013. The 3r 8 7/Gr 8 6 ratio obtained in the fourth run on
Snagtooth differs from the mean by 0.0025, or 1.92. . The
probability that this or a higher value would occur in a
normal distribution having a mean of 0.7139 and a standard
deviation of 0.0013 is 2.72 per cent (Hodgman, 1957, p. 239).
The result of the fourth run on Znagtooth is outside the
95 per cent confidence limit and was therefore discarded.
The average 3r87/sr86 ratio for Snagtooth becomes 0.7131,
and the overall averages are:
Gr86/Gr88  = 0.1194 ± 0.00013 ± 0.00038
3r87/Sr86 = 0.7135 , 0.00039 ± 0.0011
(Sr87/sr86 ) = 0.7136 ± 0.00032 ± 0.00092
The Or87/sr86 ratio of the Eimer and Amend Chemicals
Gr003 used as a standard in this investigation was found to
equal 0.7116 t 0.00036 (Chapter III). The difference
between the mean Sr37/sr86 ratio of the shelf solution and
that of the strontium standard is 0.0020 ± 0.0005. Since
the difference is four times larger than its standard devi--
ation it is considered highly significant.
The mean values obtained on the three mass spectro-
meters: 0.7136, 0.7141, and 0.7131, are not statistically
different from the overall mean value of 0.7136, nor from
each other.
III. CONCLUSIONS
The following conclusions can be drawn from the data
presented in this chapter:
1n The Sr87/3r86 ratio in the 4.I.T. shelf solution was
found by analyses on three mass spectrometers to
equal 0.7136 + 0.0003 (R). The strontium reagent
from which thTs solution was prepared was produced
from Triassic celestite deposits at Gloucestershire,
England.
2. The Sr87/Sr86 ratio of this shelf solution is dif-
ferent from that of the Eimer and Amend Chemicals
SrC03, lot 492327. This re--emphasizes the fact
that strontium reagents in general do not have
identical Sr87/Sr&o ratios.
3. The three solid source mass spectrometers currently
in use in the M.I.T. Isotope Geology Laboratory(Iris, Lulu, and Snagtooth) give statistically
identical results for the strontium shelf solution.
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CHAPTER III
DESCRIPTION OF SAMPLES
The following brief descriptions include only main
features, such as rock type, name of locality, name of
collector of specimen, and name of donor of specimen. A
reference to published information describing the general
geology and petrography of the locality is provided wherever
possible,
Carbonatites
03252 Calcitic carbonatite
Oka, Quebec. Collected and donated by Dr. J. Gower.
(Rowe, 1958, p. 69)
04314 Caloitic carbonatite
Rocky Boy stock, Bearpaw Mountains, Montana. From
#2 vein. Oollected and donated by Dr. W. T. Pecora
(#50-53). (Pecora, 1956)
04316 Calcitic carbonatite
Kimzey Quarry, Magnet Cove, Arkansas. Collected by
the writer, (Williams, 1890; Fryklund and others,
1954)
04318 S3vite
Hartung, AlnB, Sweden. From contact with barite
dike. Collected by Prof. H. von Eokermann (#A1w000)o
Donated by Prof. Arthur Holmes. (von Bckermann,
1948)
04319 S~vite
S~ve Niobium Mine, Ulefors, Pen District, Norway.
Collected and donated by Prof. Arthur Holmes.
(Bragger, 1921)
04320 Oarbonatite
Spitzkop, Sekukuniland, Transvaal. Collected by
P. A. Wagner. Donated by Prof. Arthur Holmes.
(Strauss and Truter, 1951)
04322 Carbonatite
Mountain Pass, California. Donated by Dr. W. T.
Pecora (#3Qw52A). (Olson and others, 1954)
04323 Carbonatite dike
Premier Diamond Mine, Transvaal. Collected by
R. A. Daly. Donated by Prof. Arthur Holmes.
(Daly, 1925)
04324 Carbonatite, pyrochlore--bearing
Sukulu Hill, Uganda. Donated by Prof. Arthur Holmes
(#D2259). (Davies, K. A., 1956. The Geology of
part of south-*east Uganda. agi. 9 .
3, 1-76.)
04584 Calcitic carbonatite
Oka, Quebec. Collected by the writer, (Rowe, 1958,
p. 69)
04811 Carbonatite
Iron Hill, Colorado. Collected and donated to M.I.T0
Petrology Collection by E. S. Larsen (#IH 197A).
(Larsen, 1942)
04316 Carbonatite
Shawa, 3outhern Rhodesia. Collected and donated to
M.I.T. Petrology Collection by A. C. Nason (#20).
(several references listed by King and Sutherland,
1960)
04841 Carbonatite
Busumbu Phosphate Mine, Uganda. Collected and
donated by Prof. Arie Poldervaart (#UG 38).
(Reference same as 04324)
04842 Carbonatite
Tororo Uganda. U anda Cement Industry Quarry,
Tank HIll Colle d and donated by Prof.
Arie Poldervaart ($0UG 39). (Reference same as
04324)
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04343 Carbonatite
Loolekop, Palabora, Transvaal. Collected by
S. J. Shand. Donated by Prof. Arie Poldervaart
(Columbia Univ. #A-210). (Russell and others,
1954)
04844 Carbonatite, crocidolite-bearing
Spitzkop, Sekukuniland, Transvaal. Collected by
S. J. Shand. Donated by Prof. Ari Poldervaart
(Columbia Univ. #A-92). (Strauss and Truter, 1951)
04872 Carbonatite
Ohigwakwalu Hill, near Tundulu, Nyasaland. Donated
by Prof. Arthur Holmes (#N1380). (Dixey and otherso
1935, p. 62)
04873 Carbonatite
Glenover, Republic of South Africa (approximate
location: lat. 23057' S, long. 27010' E). Donated
by Dr. F. C. Truter, Director, Geol. Surv. of the
Republic of South Africa.
04875 Carbonatite
Rangwa, Kenya. Donated by Mines and Geology Depto
of Kenya (#41/1172). (McCall, 1958, p. 43)
04878 Carbonatite
4rima, Kenya. Donated by Mines and Geology Dept*
of Kenya. (Coetzee and Edwards, 1959)
04884 Carbonatite tuff
Kaluwe, Northern Rhodesia. Donated by Geol. Surv.
Dept. of Northern Rhodesia (#DDH 2). (Bailey, 1960)
04885 Carbonatite
Marongwe Hill, Ohilwa Island, Nyasaland. Donated
by the Geol. Surv. Dept. of Nyasaland (#N1290).
(Dixey and others, 1935, p. 60)
04886 Carbonatite
Kangankunde, Nyasaland, Donated by the Geol. Surv.
Deot. of N saland (#G1135). (Dixey and others,
19359 p. 1
Silicate Rooks
R1292 Olivine basalt
Kiliauea, Hawaii. Erupted In 1894. Collected by
N. B. A. Hinds near Postal Cavern.
R4321 Monchiquite
Magnet Cove Rutile Co. Pit, Magnet Cove, Arkansas.
Collected by the writer. (Williams, 1890; Erickson
and Blade, 1956)
R4359 Jacupirengite
Cove Creek, Magnet Cove, Arkansas, Collected by
the writer. (References same as R4321)
R4350 Nepheline syenite, Diamond Jo type
Diamond Jo Quarry, Magnet Cove, Arkansas. Collected
by the writer. (References same as R4321)
R4535 Biotite-tgarnet idolite
Magnet Cove, Arkansas. Collected opposite Magnet
Cove Baptist Church by the writer. Additional
samples from same outcrop supplied by Mr. D. P.
Hdlbrook of the Arkansas Geol. & Conserv. Comm.
(References same as R4321)
R4536 Biotite pyrozenite
Rocky Boy stock, Bearpaw Mts., Montana. Collected
by the writer from Big Sandy Creek road, near divide
east of vermiculite prospects. (1. T. Pecora #61m4).
(Pecora; 1942, 1956)
R4549 Serloitized porphyritlo syenite
#1 adit, Rocky Boy stook, Bearpaw Mountains, Montana.
Collected by the writer. (W. T. Pecora #P61-*5B).
(same as R4536)
R4585 Okaite
From Hussereau farm Oka, Quebec. Collected by the
writer. (Rowe, 1958, p. 70)
R4586 Aln8ite
From Hussereau farm, Oka, Quebec. Collected by the
writer. (Rowe, 1958, p. 76)
R4537 IJolite
Oka, Quebec. Collected by the writer from
"britholite hill" at rear of Lucien Dufresne farm.
(Rowe, 1958, p. 72)
R4590b Gabbro ?
Corporation Quarry, Mt. Royal, Montreal, Quebec.
Dark, fine to medium--grained rook, probably related
to Mt. Royal "essexite". Collected by the writer.
(Clark, 1952)
R4809 Pyroxenite, sphene-tbearing
Iron Hill, Colorado. Collected and donated to
M.I.T. Petrology Collection by E. S. Larsen
(#U2133). (Larsen, 1942)
R4810 Uncompahgrite
Iron Hill, Colorado. Collected and donated to
M.I.T. Petrology Collection by E. S. Larsen
(#IH 240). (Larsen, 1942)
R4812 Nepheline syenite
Iron Hill, Colorado. Collected and donated to
M.I.T. Petrology Collection by E. S. Larsen
(#U1223). (Larsen, 1942)
R4813 Jacupirangite
Ice River complex, British Columbia. Collected and
donated to M.I.T. Petrology Collection by J. A. Allano
(Allan, 1914)
R4814 Nepheline syenite (spheneftrich)
Ice River complex, British Columbia. Collected and
donated to the M.I.T. Petrology Collection by
J. A. Allan (#A766). (Allan, 1914)
R4835 Katungite
Katunga volcano* Uganda. Collected by S. J. Shand.
Donated by Prof. Arie Poldervaart (Columbia Univ.
A-133). (Holmes; 1937, 1950)
R4837 Leucite basanite
Lake Kivu area Central Africa. Collected by
So J. Shand. bonated by Prof. Arie Poldervaart
(Columbia Univ. #B-100). (Holmes and Harwood, 1936)
Sedimentary Carbonate Rooks
04317 Marbleized Madison limestone
Contact of Rocky Boy stock, Bearpaw Mountains,
Montana, Collected and donated by Dr. W. T. Pecora.
(Reeves P. 1924. _ U.S. o . . & 751-0.,
71-11l4.
04543 Madison limestone
Bearpaw Mountains, Montana. From near Suction Creek,
about 1 mile north of Suction Butte, Rattlesnake
Quadrangle. Collected by the writer. (W. T. Pecora
#P61-19b). (Reference same as 04317)
04583 Grenville marble
Region of Hicks and Dunholm, near Hull, Ontario.
Donated by Mr. Gilles Joncas of Quebec Qolumbium,
Ltd., Oka.
04588 Trenton limestone
Summit Circle, Westmount, Montreal, Quebec.
Collected by the writer. (Clark, 1952)
04589a Xenolith of Trenton limestone
Corporation Quarry, Montreal, Quebec. From quarry
face at rear of Univ. of Montreal tennis courts,
Collected by the writer. (Clark, 1952)
04815 Metamorphosed limestone
Ice River complex, British Columbia. Collected and
donated to M.I.T. Petrology Collection by J. A. Allan
(#2025). (Allan, 1914)
04874 Dolomite
Dolomite series, Transvaal system. From
Olifantsfontein, Pretoria district. Donated by
Dr. F. C. Truter, Director, Geol. Surv. of the
Republic of South Africa. (Du Toit, 1954)
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